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(57) ABSTRACT 

An optical system comprising a combination optical Switch 
and monitoring system based on an array of mirrors, and a 
moveable reflective element co-packaged together, including 
discrete sets of fiber ports whereinun from input fiber ports is 
focused on win mirror via the use of shared free space optics; 
Such as shared beam steering elements, dispersive elements, 
and optical elements, and discrete arrays of MEMS mirrors 
utilized to select and switch selected wavelengths from the 
input fiber port(s) to an output fiber port(s) of the optical 
switch, and wherein a moveable reflective element sharing 
the same free space optics is utilized to Sweep across and 
reflect selected portions of the optical spectrum back to a 
photodetector. By correlating reflective element position with 
power measured, a processor can obtain a spectral plot of the 
wavelength band of interest, as well as calculate parameters 
Such as center wavelength, passband shape, and OSNR. 
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BEAM STEERINGELEMENT AND 
ASSOCATED METHODS FOR MANFOLD 
FIBEROPTC SWITCHES AND MONITORING 

CROSS-REFERENCE AND PRIORITY CLAIM 
TO RELATED APPLICATION 

0001. To the full extent permitted by law, the present 
United States Non-Provisional patent application, is a Con 
tinuation-in-Part of, and hereby claims priority to and the full 
benefit of United States Non-Provisional patent application 
entitled “SEGMENTED PRISM ELEMENT & ASSOCI 
ATED METHODS FOR MANIFOLD FIBEROPTIC 
SWITCHES. filed on Jun. 12, 2007, having assigned Ser. 
No. 1 1/811,928, and hereby claims priority to and the benefit 
of United States Provisional patent application entitled 
SEGMENTED PRISM ELEMENT AND ASSOCIATED 
METHODS FORMANIFOLDFIBEROPTICSWITCHES.” 
filed on Nov. 7, 2006, having assigned Ser. No. 60/857,441: 
United States Non-Provisional patent application entitled 
BEAM STEERING ELEMENT AND ASSOCIATED 
METHODS FORMANIFOLDFIBEROPTICSWITCHES.” 
filed on Oct. 18, 2007, having assigned Ser. No. 1 1/975,242: 
United States Non-Provisional patent application entitled 
BEAM STEERING ELEMENT AND ASSOCIATED 
METHODS FOR MANIFOLD FIBEROPTIC SWITCHES 
AND MONITORING filed on Oct. 25, 2007, having 
assigned Ser. No. 1 1/977,690; United States Non-Provisional 
patent application entitled “BEAM STEERING ELEMENT 
AND ASSOCIATED METHODS FOR MIXED MANI 
FOLD FIBEROPTIC SWITCHES. filed on Oct. 30, 2007, 
having assigned Ser. No. 1 1/980,974; and Patent Cooperation 
Treaty patent application entitled “BEAM STEERINGELE 
MENT AND ASSOCIATED METHODS FOR MANIFOLD 
FIBEROPTIC SWITCHES AND MONITORING filed 
Oct. 31, 2007 having assigned Serial No. PCT/U.S.07/22955; 
United States Non-Provisional patent application entitled 
“WAVELENGTH SELECTIVE SWITCH HAVING DIS 
TINCT PLANES OF OPERATIONS filed on Jul 23, 2008, 
having assigned Ser. No. 12/220,356: United States Non 
Provisional patent application entitled “WAVELENGTH 
SELECTIVE SWITCH WITH REDUCED CHROMATIC 
DISPERSION AND POLARIZATION-DEPENDENT 
LOSS filed on Nov. 4, 2008, having assigned Ser. No. 
12/264,716; United States Non-Provisional patent applica 
tion entitled “SYSTEM AND METHOD FOR ASYM 
METRICAL FIBER SPACING FOR WAVELENGTH 
SELECTIVE SWITCHES. filed on Aug. 19, 2008, having 
assigned Ser. No. 12/194,397: United States Non-Provisional 
patent application entitled “HIGH PORT COUNT INSTAN 
TIATED WAVELENGTH SELECTIVE SWITCH filed on 
Mar. 29, 2009, having assigned Ser. No. 12/413,568, filed on 
behalf of inventors, Michael L. Nagy and Harry Wayne Pres 
ley, incorporated entirely herein by reference filed on behalf 
of inventors Harry Wayne Presley and Michael L. Nagy. 

TECHNICAL FIELD 

0002 The present invention relates generally to all-optical 
fiber optic communications and datacom Switches, and more 
specifically pertains to fiber optic Switches used in multi 
wavelength networks. 

BACKGROUND 

0003 Modern communications networks are increasingly 
based on silica optical fiber which offers very wide bandwidth 
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within several spectral wavelength bands. At the transmitter 
end of a typical point-to-point fiber optic communications 
link an electrical data signal is used to modulate the output of 
a semiconductor laser emitting, for example, in the 1525 
1565 nanometer transmission band (the so-called C-band), 
and the resulting modulated optical signal is coupled into one 
end of the silica optical fiber. On sufficiently long links the 
optical signal may be directly amplified along the route by 
one or more amplifiers, for example, optically-pumped 
erbium-doped fiberamplifiers (EDFAs). At the receiving end 
of the fiber link, a photodetector receives the modulated light 
and converts it back to its original electrical form. For very 
long links the optical signal risks becoming excessively dis 
torted due to fiber-related impairments such as chromatic and 
polarization dispersion and by noise limitations of the ampli 
fiers, and may be reconstituted by detecting and re-launching 
the signal back into the fiber. This process is typically referred 
to as optical-electrical-optical (OEO) regeneration. 
0004. In recent developments, the transmission capacity 
of fiber optic systems has been greatly increased by wave 
length division multiplexing (WDM) in which multiple inde 
pendent optical signals, differing uniquely by wavelength, are 
simultaneously transmitted over the fiber optic link. For 
example, the C-band transmission window has a bandwidth 
of about 35 nanometers, determined partly by the spectral 
amplification bandwidth of an EDFA amplifier, in which 
multiple wavelengths may be simultaneously transmitted. All 
else being equal, for a WDM network containing a number N 
wavelengths, the data transmission capacity of the link is 
increased by a factor of N. Depending on the specifics of a 
WDM network, the wavelength multiplexing into a common 
fiber is typically accomplished with devices employing a 
dispersive element, an arrayed waveguide grating, or a series 
of thin-film filters. At the receiver of a WDM system, the 
multiple wavelengths can be spatially separated using the 
same types of devices that performed the multiplexing and 
then separately detected and output in their original electrical 
data streams. 

0005 Dense WDM (DWDM) systems are being designed 
in which the transmission spectrum includes 40, 80, or more 
wavelengths with wavelength spacing of less than 1 nanom 
eter. Current designs have wavelength spacing of between 0.4 
and 0.8 nanometer, or equivalently a frequency spacing of 50 
to 100 GHz respectively. Spectral packing schemes allow for 
higher or lower spacing, dictated by economics, bandwidth, 
and other factors. Other amplifier types, for example Raman, 
that help to expand the available WDM spectrum are cur 
rently being commercialized. However, the same issues about 
signal degradation and OEO regeneration exist for WDM as 
with non-WDM fiber links. The expense of OEO regenera 
tion is compounded by the large number of wavelengths 
present in WDM systems. 
0006 Modern fiber optic networks are evolving to be 
much more complicated than the simple point-to-point “long 
haul systems described above. Instead, as fiber optic net 
works move into the regional, metro, and local arenas, they 
increasingly include multiple nodes along the fiber span, and 
connections between fiber spans (e.g., mesh networks and 
interconnected ring networks) at which signals received on 
one incoming link can be selectively Switched between a 
variety of outgoing links, or taken off the network completely 
for local consumption. For electronic links, or optical signals 
that have been detected and converted to their original elec 
trical form, conventional electronic switches directly route 
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the signals to their intended destination, which may then 
include converting the signals to the optical domain for fiber 
optic transmission. However, the desire to switch fiber optic 
signals while still in their optical format, thereby avoiding 
expensive OEO regeneration to the largest extent possible, 
presents a new challenge to the Switching problem. Purely 
optical Switching is generally referred to as all-optical or 
OOO switching optical/optical (OOO). 

Switching 

0007. In the most straightforward and traditional fiber 
Switching approach, each network node that interconnects 
multiple fiber links includes a multitude of optical receivers 
which convert the signals from optical to electrical form, a 
conventional electronic switch which switches the electrical 
data signals, and an optical transmitter which converts the 
Switched signals from electrical back to optical form. In a 
WDM system, this optical/electrical/optical (OEO) conver 
sion must be performed by separate receivers and transmitters 
for each of the W wavelength components on each fiber. This 
replication of expensive OEO components is currently slow 
ing the implementation of highly interconnected mesh WDM 
systems employing a large number of wavelengths. 
0008 Another approach for fiber optic switching imple 
ments Sophisticated wavelength Switching in an all-optical 
network. In a version of this approach that may be used with 
the present Wavelength Selective Switch (WSS) configura 
tion, the wavelength components W from an incoming multi 
wavelength fiber are demultiplexed into different spatial 
paths. Individual and dedicated Switching elements then route 
the wavelength-separated signals toward the desired output 
fiber port before a multiplexer aggregates the optical signals 
of differing wavelengths onto a single outgoing fiber. In con 
ventional fiber Switching systems, all the fiber optic Switching 
elements and associated multiplexers and demultiplexers are 
incorporated into a wavelength selective switch (WSS), 
which is a special case of an enhanced optical cross connect 
(OXC) having a dispersive element and wavelength-selective 
capability. Additionally, Such systems may incorporate lenses 
and mirrors which focus light and lenslets which collimate 
Such light. 
0009 Advantageously, all the fiber optic switching ele 
ments can be implemented in a single chip of a micro elec 
tromechanical system (MEMS). The MEMS chip generally 
includes a two-dimensional array of tiltable mirrors which 
may be separately controlled. U.S. Pat. No. 6,097.859 to 
Solgaard et al., incorporated herein in its entirety, describes 
the functional configuration of such a MEMS wavelength 
selective switch (WSS), which incorporates a wavelength 
from an incoming fiber and is capable of Switching wave 
length(s) to any one of multiple outgoing fibers. The entire 
Switching array of several hundred micro electromechanical 
system (MEMS) mirrors can be fabricated on a chip having 
dimension of less than one centimeter by techniques well 
developed in the semiconductor integrated circuit industry. 
0010 Solgaard et al. further describes a large multi-port 
(including multiple input Mand multiple output N ports) and 
multi-wavelength WDM wavelength selective switch (WSS), 
accomplishing this by splitting the WDM channels into their 
wavelength components W and Switching those wavelength 
components W. The Solgaard et al. WSS has the capability of 
Switching any wavelength channel on any input port M to the 
output fiber port N, wherein N=1. Moreover, each MEMS 
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mirror in today's WDM wavelength selective switch is dedi 
cated to a single wavelength channel whetherit tilts about one 
OO axeS. 

0011 EDFAs or other optical amplifiers may be used to 
amplify optical signals to compensate loss, but they amplify 
the entire WDM signal and their gain spectrum is typically 
not flat. Therefore, measures are needed to maintain the 
power levels of different signals at common levels or at least 
in predetermined ratios. 

Monitoring 
0012 Monitoring of the WDM channels is especially 
important in optical telecommunication networks that 
include erbium doped fiber amplifiers (EDFAs), because a 
power amplitude change in one channel may degrade the 
performance of other channels in the network due to gain 
saturation effects in the EDFA. Network standard documents, 
such as the Bellcore GR-2918, have been published to specify 
wavelength locations, spacing and signal quality for WDM 
channels within the networks. Network performance relative 
to these standards can be verified by monitoring wavelength, 
power and signal-to-noise ratio (SNR) of the WDM channels. 
0013. A multi-wavelength detector array or spectrometer 
may be integrated into the free space of a WSS and utilized to 
monitor wavelength channels, power and signal-to-noise 
ratio (SNR) in telecommunication networks. Typically, a por 
tion of the WDM channels are diverted by a splitter or par 
tially reflective mirror to an optical power monitor or spec 
trometer to enable monitoring of the WDM channels. Each 
MEMS mirror in today's WDM wavelength selective switch 
(WSS) is dedicated to a single wavelength channel. Whether 
it tilts about one or more axes, such mirror may be used to 
control the amount of optical power passing through WSS for 
Such single wavelength channel. In addition, a detector array 
or spectrometer may be external to the free space of the WSS 
or OXC, and may be utilized to monitor white light (com 
bined wavelength channels) power, and signal-to-noise ratio 
of optical signal via input/output fiber port taps or splitters. 
More specifically, the prior art consists of costly large two 
dimensional detector arrays or spectrometer utilized to moni 
tor multiple input or output wavelength channels, power and 
signal-to-noise ratio. 
0014 Monitoring and switching are part of a feedback 
loop required to achieve per-wavelength insertion loss control 
and Such systems comprise three classic elements: sensor for 
monitoring, actuator for multi wavelength Switching and 
attenuating, and processor for controlling wavelength Switch 
ing, selection and equalization. The actuator in today's WSS 
products is typically a MEMS-based micromirror or a liquid 
crystal blocker or reflector. The sensor is typically a modular 
optical power monitor, comprising a mechanical filter for 
wavelength selection and a photodetector. Depending on the 
system, the three elements can be co-located in the same 
device, or can exist as separate standalone cards connected by 
a backplane. 
0015. In general, higher levels of integration of the sensor, 
actuator, and processor are attractive from a size, cost, speed, 
and simplicity of operation standpoint. The proposed new 
solution reaps these benefits because of a very high level of 
integration. 
0016 Nonetheless, it is readily apparent that there is a 
recognizable unmet need for an improved WDM wavelength 
selective Switch that allows for inexpensive monitoring of a 
full spectrum of the output optical signal and wherein the 
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Switching node demultiplexes the aggregate multi-wave 
length WDM signal from input fibers into its wavelength 
components, spatially Switching one of many single-wave 
length components from different input fibers for each wave 
length channel, and wherein Such Switch multiplexes the 
Switched wavelength components to one output fiber for 
retransmission; and wherein Such wavelength components 
power may be monitored and varied by controllable attenua 
tion, resulting in a higher level of integration of the sensor, 
actuator, and processor, and wherein Such power monitoring 
comprises continuous monitoring over the entire spectrum of 
interest, including wavelengths that lie between the signal 
wavelengths, enabling calculation of key parameters such as 
center wavelength, passband shape, and Optical Signal to 
Noise Ratio (OSNR) for the optical signals of interest; 
thereby enabling a Switch and monitoring system based on a 
moveable reflective element in a single device capable of 
utilizing common optical components. 

BRIEF SUMMARY 

0017 Briefly described in a preferred embodiment, the 
present invention overcomes the above-mentioned disadvan 
tages and meets the recognized need for Such an optical 
Switch by providing an optical system comprising a combi 
nation optical Switch and monitoring system based on a 
moveable reflective element co-packaged together compris 
ing discrete sets of fiber ports, the optical Switch configured 
either with N input fiber ports and 1 output fiber port (Nx1 
optical switch) or with 1 input fiber port and N output fiber 
ports (1xN optical switch), and wherein Jun from said input 
fiber ports is focused on Jun mirror via the use of shared free 
space optics; such as one or more shared beam steering ele 
ments, one or more dispersive elements, and one or more 
optical elements, wherein said one or more steering elements 
steers one or more win from any point in the optical path to any 
other point; and one or more discrete arrays of micro electro 
mechanical system (MEMS) mirrors in a shared array, 
wherein said array of MEMS mirrors is utilized to select and 
switch selected wavelengths from the input fiber port(s) to an 
output fiber port(s) of the optical switch, and wherein a move 
able reflective element using and sharing the same free space 
optics as the MEMS array is utilized to select and reflect 
selected portions of the wavelength spectrum between input 
and output monitoring fiber ports belonging to the monitoring 
system; wherein the moveable reflective element may be 
utilized to select individual wavelengths or spectral compo 
nents from its input monitoring fiberports to send to its output 
monitoring fiber port for optical power or other internal feed 
back monitoring and dynamic insertion loss control of a 
Switching node in telecommunication networks. 
0018. According to its major aspects and broadly stated, 
the present optical system in its preferred form is a discrete 
fiber optic switch enabled by the beam steering element 
(BSE), comprising input fiber ports, free space optics (FSO) 
(including but not limited to various lenses, a dispersive ele 
ment for spatially separating/combining the wavelength.com 
ponents of the aggregate multi-wavelength WDM signal, and 
the BSE), an array of MEMS mirrors whose individual mir 
rors correspond to unique wavelengths operating within the 
WDM network (for example, mirror #1 corresponding to will 
and receiving will from all input fiber ports, wherein by 
moving moveable MEMS mirror #1, the preferred optical 
path is generated via beam steering between an input fiber 
port and the output fiber port of the Nx1 configuration, this 
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being repeated independently for every wavelength in each 
optical switch of the optical system and for every MEMS 
mirror), wherein such switch multiplexes the MEMS-steered 
wavelength components from various input fiber ports to one 
output fiber port for re-transmission, and wherein the move 
able reflective element may be utilized to select individual 
wavelengths or spectral components from its input monitor 
ing fiber ports to send to its output monitoring fiber port for 
optical power or other monitoring while simultaneously shar 
ing the other free space optic (FSO) components described 
above. Analogously, the light direction may be arbitrarily 
reversed from the above description so that wavelengths may 
be switched from a single input fiber port to any of a number 
of output fiberports (1xN) without restriction on which wave 
length is routed to which output port. 
0019. A co-packaged optical switch and optical spectrom 
eter for Switching and monitoring one or more optical signals, 
the signals comprising one or more optical wavelengths, each 
optical wavelength constituting a work piece, the optical 
Switch and optical spectrometer further comprising: 
0020 one or more input fiber ports, each input fiber port 
serving as an external interface for introducing one or more 
input optical signals into the optical Switch; 
0021 one output fiber port, the output fiber port serving as 
an external interface for extracting the output optical signal 
from the optical switch; 
0022 one or more shared optical elements, wherein each 
optical element focuses the one or more optical signals of the 
one or more input fiber ports and the optical signal of the one 
output fiber port; 
0023 at least one shared wavelength dispersive element 
for spatially separating at least one first wavelength of one of 
the one or more input optical signals from at least one other 
wavelength of the input optical signal and for recombining at 
least one first wavelength of a selected input optical signal of 
the one or more input optical signals with at least one other 
wavelength of the one or more input optical signals to form 
the output optical signal; 
0024 an array of Switching elements, at least one switch 
ing element for receiving one wavelength from each of the 
one or more input fiber ports and for Switching one selected 
wavelength from one of the one or more input fiber ports to 
the one output fiber port according to a position of the at least 
one Switching element; 
0025 a tap for coupling a portion of the one output fiber 
port optical signal to at least one input monitoring port; 
0026 at least one moveable reflective element for trans 
lating laterally across a selected band of the optical spectrum 
of the portion of the one output fiber port optical signal as 
projected by the wavelength dispersive element, and for 
reflecting a narrow band of the selected band of the optical 
spectrum to an output monitoring fiber port according to a 
position of the moveable reflective element; 
0027 at least one beam steering element configured to 
position each wavelength from each of the one or more input 
fiberports onto a designated Switching element of the array of 
Switching elements, to position at least one selected wave 
length from the switching element to the output fiber port, and 
to position the optical spectrum of the portion of the one 
output fiber port optical signal projected by the wavelength 
dispersive element onto the at least one moveable reflective 
element; and, 
0028 an optical measurement device for receiving the 
narrow band of the selected band of the optical spectrum from 
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the output monitoring fiber port and for measuring an optical 
power of the narrow band of the selected band of the optical 
spectrum. 
0029. A co-packaged optical switch and optical spectrom 
eter for Switching and monitoring one or more optical signals, 
the signals comprising one or more optical wavelengths, each 
optical wavelength constituting a work piece, the optical 
Switch and optical spectrometer further comprising: 
0030 one input fiber port, the input fiber port serving as an 
external interface for introducing the input optical signal into 
the optical switch; 
0031 one or more output fiberports, each output fiber port 
serving as an external interface for extracting one or more 
output optical signals from the optical Switch; 
0032 one or more shared optical elements, wherein each 
the optical element focuses the optical signal of the one input 
fiber port and the one or more optical signals of the one or 
more output fiber ports; 
0033 at least one shared wavelength dispersive element 
for spatially separating at least one first wavelength of the 
input optical signal from at least one other wavelength of the 
input optical signal and for recombining at least one first 
wavelength of the output optical signal with at least one other 
wavelength of the output optical signal; 
0034 an array of Switching elements, at least one switch 
ing element for receiving at least one wavelength from the one 
input fiber port and Switching at least one wavelength of the 
one input fiberport to one of the one or more output fiberports 
according to a state of at least one shared arrayed Switching 
element; 
0035 at least one tap on at least one of the one or more 
output fiber ports for coupling a portion of the at least one of 
the one or more output fiber ports optical signal; 
0036 an optical combiner for receiving one or more the 
portion of the at least one of the one or more output fiber ports 
optical signal and for combining the one or more the portion 
of the at least one of the one or more output fiber ports optical 
signal, wherein the optical combiner couples the one or more 
the portion of the at least one of the one or more output fiber 
ports optical signal into an input monitoring port; 
0037 at least one moveable reflective element for trans 
lating laterally across a selected band of the optical spectrum 
of the one or more the portion of the at least one of the one or 
more output fiber ports optical signal as projected by the 
wavelength dispersive element, and for reflecting a narrow 
band of the selected band of the optical spectrum to an output 
monitoring fiber port according to a position of the moveable 
reflective element; 
0038 at least one shared arrayed steering element for 
steering the at least one wavelength from the one input fiber 
port onto the at least one Switching element, and for steering 
the at least one wavelength from the at least one Switching 
element to any of the one or more output fiber ports and to 
position the optical spectrum of the one or more of the portion 
of the at least one of the one or more output fiber ports optical 
signal projected by the wavelength dispersive element onto 
the at least one moveable reflective element; and 
0039 an optical measurement device for receiving the one 
or more of the portion of the at least one of the one or more 
output fiber ports optical signal and for measuring an optical 
power of the narrow band of the selected band of the optical 
spectrum. 
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0040. A device in a co-packaged optical switch and optical 
spectrometer, the device configured to reflect a selected por 
tion of a wavelength spectrum of an optical signal, the device 
comprising: 
0041 a moveable element for receiving the wavelength 
spectrum and for reflecting a selected portion of the wave 
length spectrum according to a position of the moveable 
element, the moveable element comprising a reflective area 
positioned on the moveable element for performing the 
reflecting; and 
0042 one or more shared optical elements, wherein each 
optical element focuses, disperses, multiplexes, steers, or oth 
erwise conditions the wavelength spectrum. 
0043. A method of measuring a selected portion of a wave 
length spectrum comprising: 
0044 focusing the wavelength spectrum utilizing one or 
more shared optical elements; 
0045 switching the wavelength spectrum from at least one 
input fiber port to at least one output fiber port; 
0046 receiving a selected portion of the wavelength spec 
trum; and 
0047 positioning a moveable reflective element to reflect 
a selected band of the selected portion of the wavelength 
spectrum back through the shared optical elements to an 
optical power measurement device. 
0048. Accordingly, a feature of the present optical system 

is its ability to focus wavelength components of a set from any 
or all of the input fiber ports onto a single MEMS mirror, 
enabling such mirror to select the input port wavelength com 
ponent to be switched to the output fiber port in an NX1 
Switch, and to do so for manifold Switches operating indepen 
dently and in parallel while sharing all FSO components 
within the same physical housing. 
0049. Another feature of the present optical system is its 
ability to measure the full spectral profile of the optical sig 
nals found on the output monitoring fiber port, enabling the 
processor to calculate per-channel power, center wavelength, 
passband shape, optical signal-to-noise ratio (OSNR), and 
passband ripple. 
0050. Another feature of the present optical system is its 
ability to provide an optical system comprising Re-write 
independent claims 
0051 Still another feature of the present optical system is 

its ability to provide one or more taps or splitters for coupling 
power from input and/or output fiber ports. 
0.052 Yet another feature of the present optical system is 

its ability to provide full spectrum monitoring of input fiber 
ports utilized to receive tapped or other multi-wavelength 
WDM signals for the purpose of optical power or other qual 
ity-of-signal measurements. 
0053. Yet another feature of the present optical system is 

its ability to reuse (share) the same free space optics (various 
lenses, mirrors, front end optics, and back end optics for 
focusing wavelength components of the aggregate multi 
wavelength WDM signal, dispersive element for spatially 
separating/combining the wavelength components of the 
aggregate multi-wavelength WDM signal), housing, mounts, 
and control electronics for all co-packaged Switches and 
spectral monitor. 
0054 Yet another feature of the present optical system is 

its ability to provide an optical path (i.e., an optical bridge) 
between two or more switches to create a form of MXN 
switch. 
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0055 Yet another feature of the present optical system is 
its ability to provide for ganged Switching functionality of the 
manifold switch, wherein the MEMS mirrors, corresponding 
to a certain WDM wavelength, are moved, rotated or tilted 
synchronously between all arrays of MEMS mirrors in the 
manifold switch, wherein the same switch state is created for 
all Switches in the manifold Switch on a per wavelength basis. 
0056. Yet another feature of the present optical system is 
flexibility wherein an almost limitless range of configurations 
may be obtained, wherein configuration variations may 
include number of input and output fiber ports, number of 
Switches in the manifold, ganged Switching operations, bridg 
ing between Switches in the manifold, number and spacing of 
wavelengths in the WDM system, number and origin of 
tapped and external monitoring ports, and the like. 
0057. Yet another feature of the present optical system is 

its ability to be calibrated such that systemic effects are can 
celed and the Switching performance improved, wherein sys 
temic effects to be canceled may include, for example, imper 
fect MEMS mirrors, assembly and component imperfections, 
minor misalignments of components, environmental effects, 
and the like, and wherein the obtained calibration data is 
stored in an electronic memory that can be accessed in real 
time in Support of Switching control and command. 
0058 Yet another feature of the present optical system is 

its ability to utilize a single MEMS array of mirrors for 
selecting at least one wavelength component from any of the 
fibers for each wavelength of the multi-wavelength WDM 
signal, and wherein such array directs the selected wave 
length component to the output fiber of the Nx1 optical switch 
in the same physical housing. 
0059 Yet another feature of the present optical system is 

its ability to provide a combination of fixed and adjustable 
mounts for shared free space optics and dispersive element, 
fiber channel array (FCA), beam steering element (BSE), 
continuous optical monitoring element, and a row of MEMS 
mirrors for positioning and adjusting shared optical compo 
nentS. 

0060 Yet another feature of the present optical system, 
implemented as a co-packaged main Switch and monitor 
Switch, is its ability to utilize a continuous optical monitoring 
element employing a linearly translated mirror, for selecting 
any portion of the spectrum of WDM signals from any of the 
tapped ports, and wherein Such linearly translated reflective 
element directs the selected spectral portion to one monitor 
ing output fiber port for optical power monitoring. 
0061 Yet another feature of the present manifold optical 
system is its ability to utilize a multi-mode fiber as the moni 
toring output fiber, leading to the photodetector, wherein the 
larger core of a multimode fiber increases the confidence that 
the true power of the intended measurement is being captured 
with sufficient margin for MEMS mirror pointing errors, 
environmental and aging effects, and the like, wherein the 
coupling of light from free space into a fiber is vastly less 
sensitive to positional errors for a multi-mode fiber than for 
the single-mode fibers typically used for telecom/datacom 
networks. 
0062 Yet another feature of the optical system is its ability 
to provide one or more fiber ports carrying aggregate multi 
wavelength WDM signals for the purpose of monitoring the 
WDM signals, wherein the origin of the WDM signals is 
arbitrary. 
0063 Yet another feature and advantage of the present 
optical system is its ability to self-monitor the aggregate 
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multi-wavelength WDM signal spectrum at the input and/or 
output fiber ports of a manifold switch. 
0064. Yet another feature of the present optical system is 

its ability to monitor signals within fibers, wherein signals to 
be monitored may be produced by wideband optical power 
taps placed on the fibers to be monitored, wherein other 
approaches make only approximate measurements of signals 
by sampling them in free-space and therefore neglecting free 
space-to-fiber coupling effects. 
0065. Yet another feature of the present optical system is 

its ability, with regard to signal monitoring, to be calibrated 
Such that systematic effects are canceled and the measure 
ment accuracy increased, wherein systematic effects to be 
canceled may include the path-dependent insertion loss of 
various optical paths through the system, imperfect linearly 
translating reflective element, tap characteristics, assembly 
and component imperfections, environmental effects, and the 
like, wherein so obtained calibration data are stored in an 
electronic memory that can be accessed in real-time in order 
to provide corrections to signal measurements in real-time. 
0066. Yet another feature of the present optical system is 

its ability to utilize the measurement of power levels of WDM 
wavelengths obtained via the co-packaged monitoring func 
tionality as a form of feedback to the 1xN or Nx1 switch, 
wherein the insertion loss of each wavelength through the 
switch may be actively adjusted to correct for mirror move 
ment errors, environmental effects, and the like, or similarly 
to produce desired spectral distributions of the aggregate 
multi-wavelength WDM signals (for example, making the 
power levels of all wavelengths equal via the selective attenu 
ation of every wavelength), wherein the insertion loss of each 
wavelength is controlled by the movement, rotation or tilting 
of the associated MEMS mirrors in the 1xN or Nx1 mirror 
array, wherein movement, rotation or tilting the MEMS mir 
ror away from its optimal angle of lowest insertion loss steers 
the free space beam arriving at the output port(s) and there 
fore misaligns the beam with respect to the output fiberport(s) 
and introduces progressively larger insertion loss as the 
MEMS mirror is further tilted. 
0067. Yet another feature of the present optical system is 

its compatibility with using MEMS mirrors that can move, 
rotate or tilt around two independent axes of rotation, wherein 
the primary tilt axis is required for fiber-to-fiber switching 
and the secondary tilt axis may be used for auxiliary purposes, 
wherein such auxiliary uses of the secondary tilt axis may 
include insertion loss control, correction of component and 
assembly imperfections, environmental and aging effects, 
and the like. 
0068. Yet another feature and advantage of the present 
optical system is its ability to provide a means of power 
equalization, or other arbitrary spectral power distribution, of 
wavelengths wherein many beams from diverse sources are 
interchanged among network fibers. 
0069. Yet another feature of the present optical system is 

its ability to provide uniformity of power levels across the 
WDM spectrum, or other arbitrary spectral distribution, so 
that dynamic range considerations at receivers and amplifier, 
non-linear effects, and crosstalk impairments can be mini 
mized. 
0070 Yet another feature of the present optical system is 

its ability to provide dynamic feedback control since the 
various wavelengths vary in intensity with time and relative to 
changes in optical channel routing history among the com 
ponents. 
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0071. Yet another feature of the present optical system is 
its ability to provide a fiber optic switch with a means of 
power equalization of wavelengths, and thus provide an 
aggregate multi-wavelength WDM signal enabling compen 
sation for internal variations of optical characteristics, mis 
alignments, both integral to the device and as a result of both 
manufacturing and environmental variation, non-uniformity, 
aging, and of mechanical stress encountered in the Switch. 
0072 Yet another feature of the present optical system is 

its ability to provide wavelength Switching and spectral moni 
toring in an optical network while reducing the cost and 
complexity of Such optical network. 
0073 Yet another feature of the present optical system is 

its applicability for non-WDM, or “white light' switching 
devices by the simple removal of the dispersive element and 
the subsequent simplification of the MEMS array to a single 
MEMS mirror for each optical fiber in the manifold system. 
0074 These and other features of the present optical 
switch will become more apparent to one skilled in the art 
from the following Detailed Description of the Preferred and 
Selected Alternate Embodiments and Claims when read in 
light of the accompanying Figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0075. The present version of the invention will be better 
understood by reading the Detailed Description of the Pre 
ferred and Alternate Embodiments with reference to the 
accompanying drawing figures, in which like reference 
numerals denote similar structure and refer to like elements 
throughout, and in which: 
0076 FIG. 1 is a schematic illustration of a six input port 
by one output fiber port wavelength selective switch (WSS) 
Switch according to an embodiment of the present invention; 
0077 FIG. 2 is a schematic illustration of six input port by 
one output fiber port, dual channel MEMS mirror, output port 
taps, monitoring input fiber ports, monitoring output fiber 
port, and monitor wavelength cross-connect Switch according 
to a preferred embodiment of the present invention; 
0078 FIG. 3A is a schematic illustration of an optical 
beam steering element included in the WSS of FIG. 1; 
0079 FIG. 3B is a schematic illustration of an optical 
beam steering element and facet angle equations entitled 
“Light Deflection Principle and Equations”: 
0080 FIG. 4 is a plan view of a single axis moveable 
mirror useable with the present invention: 
0081 FIG. 5A is a functional block diagram of a one input 
port by five output fiber port wavelength selective switch with 
spectral monitor and feedback control according to an alter 
nate embodiment of the present invention; 
0082 FIG. 5B is a functional block diagram of a five input 
port by one output fiber port wavelength selective switch with 
power monitor and feedback control according to a preferred 
embodiment of the present invention; 
0.083 FIGS. 6A and 6B are cross sectional views illustrat 
ing two kinds of mismatch in optically coupling a wavelength 
component beam to the waveguide Substrate according to an 
alternate embodiment of the present invention; 
I0084 FIG. 7A is a top view of one instance of a fiber 
holder according to a preferred embodiment of the present 
invention; 
0085 FIG. 7B is schematically illustrated optical concen 

trator array using planar waveguide included in the Nx1 WSS 
of FIGS. 1, 2 and 5B according to an alternate embodiment of 
the present invention; 
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I0086 FIG. 7C is schematically illustrated one instance of 
an optical concentrator array using planar waveguide 
included in the 1xNWSS of FIG.5A according to an alternate 
embodiment of the present invention; 
0087 FIG. 8 is a schematic view of the shared front end 
optics included in the WSS of FIGS. 1 and 2: 
0088 FIG.9A is a front face view of an illustrative MEMS 
mirror and five incident beams from the five input fiber ports 
according to an illustrative embodiment of the present inven 
tion; 
0089 FIG.9B is a front face view of a second channel 
MEMS mirror and two incident beams from the two moni 
toring input fiber ports according to an illustrative embodi 
ment of the present invention; 
0090 FIG. 9C is a front face view of a third channel 
MEMS mirror and five incident beams from the five input 
fiberports according to a preferred embodiment of the present 
invention as shown in FIG. 12; 
0091 FIG. 10 is a schematic illustration of a six input port 
by one output fiber port prior art wavelength cross-connect 
switch; 
0092 FIG. 11 is an illustration of one instance of a typical 
single-row MEMS mirror array according to an embodiment 
of the present invention; 
0093 FIG. 12 is a three-dimensional schematic of a 
MEMS mirror according to an embodiment of the present 
invention of FIG.9C: 
0094 FIG. 13 is a schematic illustration of a six input port 
by one output fiber port wavelength selective switch accord 
ing to preferred embodiment of the present invention; 
0.095 FIG. 14 is a three-dimensional schematic of a wave 
length selective Switch according to an alternate embodiment 
of the present invention; 
0096 FIG. 15 is a schematic illustration of a wavelength 
cross-connect with BSE-based architecture for creating 
manifold Switches within the same package according to an 
embodiment of the present invention; 
0097 FIG. 16 is a schematic illustration of a wavelength 
selective switch with BSE-based architecture FCLA-based 
optics of FIG. 10 according to an alternate embodiment of the 
present invention; 
0098 FIGS. 17A and 17B are schematic illustrations of a 
4-input-fiber by 4-output-fiber optical switch, made up of 
four 1xN and four Nx1 wavelength selectable switches; 
(0099 FIG. 18A is a schematic illustration of a five input 
port by one output fiber port wavelength cross-connect Switch 
according to an alternate embodiment of the present inven 
tion; 
0.100 FIG. 18B is a schematic illustration of on instance of 
an optical beam steering element included in the WSS of FIG. 
18A: 
0101 FIG. 19A is a schematic illustration of a six input 
port by one output fiber port wavelength selective switch 
according to an alternate embodiment of the present inven 
tion; 
0102 FIG. 19B is a schematic illustration of one instance 
of an optical beam steering element included in the WSS of 
FIGS. 1 and 2, 19A: 
0103 FIG.20 is a schematic illustration of a one input port 
by six output fiber port wavelength selective Switch according 
to an alternate embodiment of the present invention; 
0104 FIG. 21 is a schematic illustration of an input port by 
six output fiber port wavelength selective Switch according to 
an alternate embodiment of the present invention; 
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0105 FIG. 22A is a schematic illustration of a six input 
port by six output fiber port wavelength selective switch 
according to an alternate embodiment of the present inven 
tion; 
0106 FIG. 22B is a schematic illustration of a six input 
port by six output fiber port wavelength selective switch 
according to an alternate embodiment of the present inven 
tion; 
0107 FIG. 23 is a schematic illustration of a six input port 
by six output fiberport wavelength selective Switch according 
to an alternate embodiment of the present invention; 
0108 FIG. 24A is a top view diagram of an example 
embodiment of a linearly translating reflective element with a 
sliding reflective element; 
0109 FIG. 24B is a cross-sectional view diagram of an 
example embodiment of the linearly translating reflective 
element of FIG. 24A; 
0110 FIG. 24C is a top view diagram of an example 
embodiment of the slider element of the linearly translating 
reflective element of FIG. 24A; 
0111 FIG.24D is a bottom view diagram of an example 
embodiment of the slider element of the linearly translating 
reflective element of FIG. 24A; 
0112 FIG.24E is a top and cross-sectional view diagram 
of an example embodiment of the grooves in the substrate of 
the linearly translating reflective element of FIG. 24A; 
0113 FIG. 24F is a top and cross-sectional view diagram 
of an example embodiment of the substrate of the linearly 
translating reflective element of FIG. 24A with electrodes; 
0114 FIG. 25A is a cross-sectional view diagram of an 
example embodiment of the slider element of the linearly 
translating reflective element of FIG. 24A; 
0115 FIG. 25B is a cross-sectional view diagram of an 
example embodiment of the slider element of the linearly 
translating reflective element of FIG. 24A etched to provide 
sliding tabs: 
0116 FIG. 25C is a cross-sectional view diagram of an 
example embodiment of the slider element of the linearly 
translating reflective element of FIG.24B with reflective thin 
film deposited; 
0117 FIG. 25D is a cross-sectional view diagram of an 
example embodiment of the slider element of the linearly 
translating reflective element of FIG. 24C etched to provide 
cavities for a slider cap; 
0118 FIG. 26 is a top view diagram of stages of fabrica 
tion of the slider cap of FIG. 24B; 
0119 FIG. 27A is a top view diagram of an example 
embodiment of the etched and patterned substrate of the 
linearly translating reflective element of FIG. 24A: 
0120 FIG. 27B is a top and cross-sectional view diagram 
of an example embodiment of the substrate of FIG. 27A with 
slider element placed; 
0121 FIG. 27C is a top and cross-sectional view diagram 
of the Substrate with slider element of FIG. 27B with slider 
cap placed; 
0122 FIG. 28A is a top view diagram of an example 
embodiment of an linearly translating reflective element with 
a rotating cylinder with a reflective element patterned on the 
cylinder, 
0123 FIG. 28B is a side view diagram of an example 
embodiment of the linearly translating reflective element of 
FIG. 28A, and 
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0.124 FIG. 29 is a flow diagram of an example embodi 
ment of a method of analyzing data of a selected portion of a 
wavelength spectrum. 

DETAILED DESCRIPTION OF THE PREFERRED 
AND SELECTED ALTERNATIVE 

EMBODIMENTS 

0.125. In describing the preferred and selected alternate 
embodiments of the present version of the invention, as illus 
trated in FIGS. 1-29, specific terminology is employed for the 
sake of clarity. The invention, however, is not intended to be 
limited to the specific terminology so selected, and it is to be 
understood that each specific element includes all technical 
equivalents that operate in a similar manner to accomplish 
similar functions. 
0.126 Referring now to FIG. 1, there is illustrated a sche 
matic illustration of a six input fiber port by one output fiber 
port wavelength selective switch 10. However, it is empha 
sized that this 6x1 embodiment is illustrated only for simplic 
ity, and that by increasing the number of input fiber ports by 
N, then an NX1 switch 10 is contemplated herein, wherein N 
represents the number of input fiber ports. Preferably, wave 
length selective switch 10 can be operated in either direction, 
wherein N of NX1 represents N input fiber ports and one 
output fiber port, or one input port and N output fiber ports. In 
the preferred 6x1 wavelength selective switch 10 shown in 
FIG. 1, six input fiber ports 12, 14, 16, 18, 20, 22, and one 
output fiber port 64 are optically coupled to fiber concentrator 
array (FCA)52 (fiberport concentrator), preferably in a linear 
alignment, wherein preferably all-fibers (alternatively planar 
waveguides) 32, 34, 36, 38, 40, 42, and 46 are used to bring 
the respective signals of fiber ports 12, 14, 16, 18, 20, 22 and 
64 closer together on output face 44 of fiber concentrator 52 
(fiber port concentrator) adjacent the optics. Further, planar 
waveguides 32, 34, 36,38, 40, 42.46 are also preferably used 
to output the signals in parallel in a predominantly linearly 
spaced grid, wherein planar waveguides 32,34, 36,38, 40, 42 
have curved shapes (as shown in FIG. 7) within fiber concen 
trator 52 and are optically coupled to input fiber ports 12, 14, 
16, 18, 20, 22. It is contemplated herein, that a signal, also 
known as an optical signal, may comprise multi-wavelength 
WDM signals and Such signals travel in free space (as beams), 
in fiber, in waveguides, and in other signal carriers. 
0127. Although, other coupling arrangements are pos 
sible, preferred fiber concentrator 52 offers some additional 
advantages over other coupling arrangements. For example, 
its planar waveguides 32, 34, 36, 38, 40, 42 concentrate and 
reduce the spacing between input fiber ports 12, 14, 16, 18. 
20, 22 from 125 micrometers, representative of the fiber 
diameters, to the considerably reduced spacing of for 
example, 40 micrometers, which is more appropriate for the 
magnifying optics of switch 10. Each of waveguides 32, 34, 
36, 38, 40, 42 is preferably coupled to the respective 12, 14, 
16, 18, 20, 22 input fiber port. Waveguides 32,34, 36,38, 40, 
42 preferably extend along a predominately common plane 
directing the multiwavelength signals to output in free space 
and to propagate in patterns having central axis which are also 
co-planar. 
I0128. The free-space beams output by waveguides 32,34, 
36,38, 40, 42 offiber concentrator 52 are preferably divergent 
and preferably have a curved field. For simplicity, this dis 
cussion will describe all the beams as if they are input beams, 
that is, output from fiber concentrator 52 to free-space optics 
(FSO) 74. The beams are in fact, optical fields coupled 
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between optical elements. As a result, the very same prin 
ciples as those discussed as input beams apply to those of the 
beams that are output beams which eventually reenter fiber 
concentrator 52 for transmission onto the network. 

0129. The beams output from fiber concentrator 52 into 
the free space of wavelength selective switch 10 preferably 
pass through front end optics (FE) 56. Outputs of waveguides 
32, 34, 36, 38, 40, 42 of face 44 preferably are placed at or 
near the focal point of front end optics 56. Front end optics 56 
preferably accepts the beams coming from or going to all 
fibers via input 12, 14, 16, 18, 20, 22 and output 64 fiber ports. 
For beams emerging from a fiber or input port, front end 
optics 56 preferably captures, focuses, conditions, projects 
and/or collimates the light in preparation for spectral disper 
sion by dispersive element 62. The reverse of this happens for 
beams converging toward a fiber, that is, the principles of 
operation are identical in either case, and independent of the 
direction of the light. It should be noted that common disper 
sive elements do not operate exactly as shown in FIG. 1, more 
specifically the input and diffracted beams do not lie in the 
same plane as shown in FIG. 1. 
0130. Although a single lens is illustrated in FIG. 1, front 
end optics 56 may generally consist of two or more lenses 
and/or mirrors or a combination of the same, and may become 
progressively sophisticated as the demands of wavelength 
selective switch 10 increases (e.g., the number of fibers, the 
range of wavelengths, the number of input and output fiber 
ports, the spacing of the MEMS mirrors, etc.). For example, in 
a two lens front end optics 56, the first lens (closest to the 
fibers or input fiber ports) may be used to produce customary 
flat-field and telecentric beams that easily accommodate 
simple fiber arrays or fiber concentrator 52, and the second 
lens may perform the majority of the collimation task (as 
shown in FIG. 8). As the demands on wavelength selective 
switch 10 increases, front end optics 56 may further employ 
advanced features, such as aspheric optical Surfaces, achro 
matic designs, and the like. Unlike traditional approaches 
wherein a separate lens must be critically aligned to every 
fiber, front end optics 56 described herein are preferably 
common to every fiber, thereby enabling a realization of 
significant savings in assembly time and cost relative to pre 
viously known Switch systems. 
0131 The collimated beams exiting front end optics 56 
propagate Substantially within a common plane, and are inci 
dent upon dispersive element 62, a wavelength dispersive 
element, wherein dispersive element 62 preferably comprises 
grating lines extending perpendicular to the principal plane of 
wavelength selective switch 10. The beams may overlap 
when they strike dispersive element 62, wherein dispersive 
element 62 preferably separates the input port beams into 
corresponding sets of wavelength-separated beams, W1 
through win (wavelengths) for each input port, where n is the 
number of wavelengths in each input port. Diffraction grating 
62 angularly separates the multi-wavelength input beams into 
wavelength-specific Sub-beams propagating in different 
directions parallel to the principal optical plane, or alterna 
tively serves to recombine single-wavelength Sub-beams into 
a multi-wavelength beam. Diffraction grating 62 is preferably 
uniform in the fiber direction, wherein the preferred unifor 
mity allows use of dispersive element 62 for beams to and 
from multiple input and output fibers. 
0132) The line density of dispersive element 62 should 
preferably be as high as possible to increase spectral disper 
sion, but not so high as to severely reduce diffraction effi 

Sep. 17, 2009 

ciency. Two serially arranged gratings would double the spec 
tral dispersion. However, a single grating with a line density 
of approximately 1000 lines/millimeter has provided satis 
factory performance. Diffraction grating 62 is preferably 
aligned so that the beam from front end optics 56 has an 
incident angle of preferably 54 degrees on grating 62, and the 
diffracted angle is about 63 degrees. The difference in these 
angles results in optical astigmatism, which may be compen 
sated by placing a prism between front end optics 56 and 
dispersive element 62. In brief, the diffraction efficiency of a 
grating is generally dependent on the characteristics of the 
polarization of the light with respect to the groove direction 
on the grating, reaching upper and lower diffraction effi 
ciency limits for linear polarizations that are parallel p-polar 
ization and perpendicular S-polarization to the grooves. 
I0133. In addition, polarization sensitivity of the grating 
may be mitigated by introducing a quarter-wave plate (not 
shown) after dispersive element 62 or elsewhere in switch 10 
whose optical axis is oriented at forty-five degrees to the 
dispersive element limiting diffraction efficiency polarization 
states described previously. It is contemplated herein that 
Such quarter-wave plate may be placed elsewhere in Switch 
10. Preferably, every wavelength-separated sub-beam passes 
twice through the quarter-wave plate so that its polarization 
state is effectively altered from input to output fiber port. That 
is, dispersive element 62 preferably twice diffracts any wave 
length-specific Sub-beam, which has twice passed through 
the quarter-wave plate. For example, considering the two 
limiting polarization cases the Sub-beam passes once with a 
first limiting polarization (for example, p-polarization) and 
once again with a polarization state that is complementary to 
the first polarization state (for example, S-polarization) from 
the perspective of dispersive element 62. As a result, any 
polarization dependence introduced by dispersive element 62 
is canceled. That is, the net efficiency of dispersive element 62 
will be the product of its S-state and P-state polarization 
efficiencies, and hence independent of the actual polarization 
state of the input light. 
I0134. In the wavelength division multiplexing (WDM) 
embodiments of the invention, each input fiberport 12, 14, 16, 
18, 20, 22 is preferably capable of carrying a multi-wave 
length WDM optical signal having wavelengths 1 through 
wn. Wavelength selective switch 10 is preferably capable of 
Switching the separate wavelength components from any 
input port to planar waveguide 46 of fiber concentrator 52, 
which is preferably coupled to output fiber port 64. This 
architecture applies as well to a WDM reconfigurable add/ 
drop multiplexer (ROADM), such as a 1x6 ROADM in which 
fiber ports 12, 14, 16, 18, 20, 22 are associated respectively 
with the input (IN) (fiber port 12), five (5) DROP ports (fiber 
ports 14, 16, 18, 20, 22), and output (OUT) (fiber port 64). Or, 
in the 6x1 ROADM, input disclosed is (IN) (fiber port 12), 
five (5) ADD ports (fiber ports 14, 16, 18, 20, 22), and output 
(OUT) (fiber port 64). In operation, fiber ports 14, 16, 18, 20. 
22, (local ports) are switched to/from by wavelength selective 
switch 10, either are added (ADD) to the aggregate output 
(OUT) port 64 or dropped (DROP) from the aggregate input 
(IN) port 12. 
0.135 Back end optics (BE) 66 projects the wavelength 
separated beams onto beam steering element (BSE) 68. Back 
end optics 66 creates the “light bridge' between dispersive 
element 62 and beam steering element 68 to switching mirror 
array 72. Considering the case of light diffracting from dis 
persive element 62 and traveling toward back end optics 66, 
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Such back end optics 66 preferably captures the angularly 
(versus wavelength) separated beams of light, which is made 
plural by the number offibers, and whereinback end optics 66 
create parallel beams of light. The parallel beams are obtained 
via a preferred telecentric functionality of back end optics 66. 
In addition, because all beams are preferably at focus simul 
taneously on the flat MEMS plane of switching mirror array 
72; back end optics 66 preferably performs with a field 
flattening functionality. After light reflects off of a MEMS 
mirror and back into back end optics 66, the reverse of the 
above occurs; the principles of operation are identical in 
either case and are independent of the direction of the light. 
Back end optics 66 preferably captures, focuses, conditions, 
projects and/or collimates the light in preparation for Switch 
ing by switching mirror array 72. The reverse of this happens 
for light beams converging toward a fiber, that is, the prin 
ciples of operation are identical in either case, and indepen 
dent of the direction of the light. 
0.136 Although a single lens is illustrated in FIG. 1, back 
end optics 66 may generally consist of two or more lenses 
and/or mirrors or combinations of the same, and may become 
progressively more Sophisticated as the demands of wave 
length selective switch 10 increase (e.g., the number of fibers, 
the range of wavelengths, the number of input and output fiber 
ports, the spacing of the MEMS mirrors, etc.). The focal 
length of back end optics 66 (or the effective focal length in 
the case of multiple lenses) is preferably determined from the 
rate of angular dispersion versus wavelength of dispersive 
element 62 and the desired mirror spacing of switching mirror 
array 72. If the angular separation between two neighboring 
wavelengths is denoted by A and the spacing between their 
associated MEMS micro-mirrors is denoted by S, then the 
focal length of back end optics 66 (F) is approximated by 
F=S/tan(A). Because the angular dispersion of common grat 
ings is relatively small, and/or as the spectral separation 
between neighboring wavelengths is decreased, then back 
end optics 66 focal length may become relatively large. Pref 
erably, however, a physically compact optical system may be 
retained by providing back end optics 66 with a telephoto 
functionality, thereby reducing the physical length of back 
end optics 66 by a factor of two or more. A three-lens system 
is generally sufficient to provide all of the functionalities 
described above, and the lenses themselves can become 
increasingly sophisticated to include aspheric Surfaces, ach 
romatic design, etc., as the demands of wavelength selective 
Switch 10 increase (e.g., depending on the number of fibers, 
the range of wavelengths, the number of input and output fiber 
port, the spacing of the MEMS mirrors, etc.). The focal length 
calculations set forth here with respect to the back end optics 
66 are applicable to the front end optics 56 as well. 
0.137 Such a preferred multi-lens back end optics 66 sys 
tem, by virtue of its increased degrees-of-freedom, addition 
ally allows for active optical adjustments to correct for vari 
ous lens manufacturing tolerances and optical assembly 
tolerances that otherwise would not be available. Beam steer 
ing element 68, although physically existing in the beam path 
of back end optics 66, is preferably designed utilizing passive 
monolithic element containing multiple prisms or lenses, as 
well as stacked lenses, reflective segmented prism elements 
and the like or combinations of the same and preferably 
functions almost independently of back end optics 66. 
0138 Referring now to FIG. 3A, there is illustrated a 
schematic illustration of a preferred optical beam steering 
element included in the WSS of FIG. 1 (the number of seg 
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ments or facets varies with the number of signals present in 
the WSS). Beam steering element 68 preferably refracts 
wavelength-separated beams from back end optics 66 and 
steers such beams onto switching mirror array 72 based on the 
refractive indices of each segment 68.1-68.7, whether focus 
ing all win beams on a win mirror of Switching mirror array 72 
or focusing some win beams onto one mirror and other win 
beams onto a linearly translating reflective element on a dif 
ferent point in space. Beam steering element 68 (or seg 
mented prism element, one possible type of steering element) 
preferably refracts un from each input port 12, 14, 16, 18, 20. 
22 onto un mirror of switching mirror array 72 (as shown in 
FIG. 9C) of switching mirror array 72 assigned to win. For 
example, preferably 1 mirror of switching mirror array 72 
has 1(12)-2,1(22) from all input fiber ports 12-22 projected 
onto 1 mirror surface via beam steering element 68, and by 
moving, rotating or tilting 1 mirror of MEMS switching 
mirror array 72, wavelength selective switch 10 preferably 
switches one selected 1 (12-22) from input fiber ports 12-22 
to output fiber port 64 and blocks the remaining unselected 
1(s) from input fiber ports 12-22, and so forth for 2-wn. 

Eachun mirror of switching mirror array 72, in this example, 
preferably has five input beams projected simultaneously 
onto the Surface of such mirror, all at wavelength win, wherein 
those five beams are preferably demultiplexed and focused by 
free space optics 74 from input fiber ports 12, 14, 16, 18, 20 
respectively. It should be recognized that utilizing beam steer 
ing element 68 enables refracting and/or steering of multiple 
wavelengths onto a single mirror from one or more input fiber 
ports 12-22 or refracting light to any arbitrary point rather 
than prior art Switches, which use lenses or mirrors to focus 
individual wavelengths to individual dedicated mirrors based 
on one focal point. Further, it should be recognized that 
utilizing beam steering element 68 enables multiple Nx1 
Switches to be packaged as a single unit as shown in FIGS. 14 
and 15. Still further, it should be recognized that utilizing 
beam steering element 68 enables the potential elimination of 
lenslets for each optical fiber port, thereby reducing the num 
ber of elements and the overall cost of the Switch. 

0.139 Beam steering element 68 preferably is manufac 
tured from fine-annealed glass with class-Zero bubble imper 
fections whose facets are very finely polished and are coated 
with anti-reflection material. Further, the type of glass may be 
chosen to have certain optical properties at the desired wave 
lengths of operation, including but not limited to optical 
transparency and refractive index. The angular deflection 
imparted by each facet 68.1-68.7 of beam steering element 68 
is preferably a function of both the angle of the facet and the 
refractive index of the glass as shown in FIG. 3B Beam 
steering Element 68 “Light Deflection Principles and Equa 
tions'; hence, in principle beam steering element 68 can be 
made from a wide variety of glass types. This allows further 
optimization of the glass material per the criteria of cost, ease 
of fabrication, etc. As an example, the type of glass known as 
BK7 is a common high-quality, low cost glass that is prefer 
ably suitable for this application. 
0140. Another criterion for glass selection may be its 
change in optical properties relative to temperature. Since the 
refractive index of all materials changes with temperature, 
which could in turn produce undesirable changes in the effec 
tive facet angles 102 produced by beam steering element 68, 
then for demanding applications, a glass with a very low 
thermo-optic coefficient may be chosen at the desired opera 
tional temperature range. For example, the common glasses 
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known as K5 and BAK1 have very low thermo-optic coeffi 
cients at room temperature. In addition to the precision pol 
ishing of the beam steering element 68 from bulk glass, beam 
steering element 68 may also be fabricated using castable 
glass materials, such as Sol-gel. Prism elements fabricated in 
Such fashion should exhibit improved performance consis 
tency compared with those fabricated using traditional pol 
ishing techniques. The materials for fabrication of beam 
steering element 68 are not limited to glass but may also 
include high quality plastic materials such as ZEONEX 
(Zeon Chemicals L.P.). As such, the cost of manufacturing 
beam steering element 68 may be further lowered by using 
plastic injection molding techniques. 
0141 An alternative to fabricating beam steering element 
68 from a single monolithic piece of glass or plastic is to 
fabricate each facet section, and/or groups of facet sections, 
individually and then Vertically stack them to create a single 
composite element. 
0142. In a preferred embodiment, beam steering element 
68 is polished from bulk BK7 glass and has dimensions of 
length 40 millimeters, height 15 millimeters, width at the base 
of 4 millimeters and width at the top of 3.18 millimeters. 
Facet angles 102 for the six input fiber wavelengths and one 
output fiber wavelength model preferably are 11.82, 8.88, 
5.92, 2.96, 0.00, -2.96, -5.92 degrees for each facet 68.1-68. 
7, respectively. For ease of fabrication so that the edges of 
adjacent facets are coincident, especially with regard to fab 
rication by polishing, beam steering element 68 preferably is 
designed to have varying degrees of thickness for each facet, 
resulting in the above stated angles of deflection, wherein 
Such angles of deflection preferably position the six input 
1(12)-2,1(22) wavelengths on 1 mirror and so on for 2-wn 

mirrors. It should be noted, however, that beam steering ele 
ment 68 may be designed and manufactured having facet 
angles 102 different than set forth herein, depending on the 
fiber spacing, number of input fiber ports, number of wave 
length components per input port, lenses, grating, MEMS 
mirror configuration, and the like. 
0143 Referring again to FIG. 1, the distance between 
switching mirror array 72, beam steering element 68, and the 
vertical location of the beam at beam steering element 68, and 
free space optics 74 as well as other factors including fiber 
spacing, number of input fiber ports, number of wavelength 
components per input port, lenses, grating, MEMS mirror 
configuration and output fiber ports preferably determines the 
facetangle required to enable all six input port wavelengths to 
be positioned on each MEMS mirror assigned to the specific 
wavelength of switching mirror array 72. Because the vertical 
locations of the various fiber port components are different as 
they intercept the beam steering element 68, the facetangles 
of beam steering element 68 preferably vary accordingly in 
order to combine all of wavelengths win at a common mirror 
wn of Switching mirror array 72. The analogous situation 
exists for the selected input port wavelength win reflecting 
from mirror win of switching mirror array 72 directed to output 
fiber port 64. This is illustrated in FIG. 3B, and wherein the 
facet angle A can be determined from equation B. In finding 
the preferred facet angle A from equation f3, the known vari 
ables are the input beam angle, C, the distance between the 
input beam vertical location at beam steering element 68 
relative to mirror an of switching mirror array 72, y, and the 
distance between the beam steering element 68 and the 
MEMS, Z, leaving the only free variable as the refractive 
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index material of beam steering element 68 m. Equation B is 
transcendental in A and may be solved by iteration or various 
algorithms. 
0144. Referring now to FIG. 4, there is illustrated a top 
view of a single axis moveable (moveable means tilting, 
rotating, sliding or any other movement resulting in a change 
in the angle of reflection) mirror. Switching mirror array 72 
(as seen in FIGS. 1 and 2) is preferably formed as a one 
dimensional array (preferably one row of 40 mirrors) of 
single-axis moveable mirrors, with one mirror represented by 
single cell (mirror) 260. Cell 260 is one of many such cells 
arranged typically in a two-dimensional (one-dimensional for 
this embodiment) array in a bonded structure including mul 
tiple levels of silicon and oxide layers in what is referred to as 
multi-level silicon-over-insulator (SOI) structure. Cell 260 
preferably includes frame 262 supported in support structure 
264 of switching mirror array 72. Cell 260 further includes 
mirror plate 268 having reflective surface 270 twistably sup 
ported on frame 262 by a pair of torsion beams 266 extending 
from frame 262 to mirror plate 268 and twisting about axis 
274. In one MEMS fabrication technique, the illustrated 
structure is integrally formed in an epitaxial (epi) layer of 
crystalline silicon. The process has been disclosed in U.S. 
Provisional Application Ser. No. 60/260,749, filed Jan. 10, 
2001, (now abandoned) is incorporated herein by reference in 
its entirety. However, other fabrication processes resulting in 
somewhat different structures may be used without affecting 
or departing from the intended scope of the present invention. 
(0145 Mirror plate 268 is controllably tilted about axis 274 
in one dimension by a pair of electrodes 272 under mirror 
plate 268. Electrodes 272 are symmetrically disposed as pairs 
across axis 274 respective torsion beams 266. A pair of volt 
age signals V(A), V(B) is applied to the two mirror electrodes 
272, while a common node Voltage signal V(C) is applied to 
both mirror plate 268 and frame 262. 
0146 Circumferentially lateral extending air gap 278 is 
preferably defined between frame 262 and mirror plate 268 so 
that mirror plate 268 can rotate with respect to frame 262 as 
two parts. Support structure 264, frame 262, and mirror plate 
268 are driven by the common node voltage V (C), and elec 
trodes 272 and mirror plate 268 form plates of a variable gap 
capacitor. Although FIG. 4 illustrates the common node volt 
age V(C) being connected to mirror plate 268, in practice, the 
electrical contact is preferably made in support structure 264 
and torsion beams 266 apply the common node Voltage signal 
to both frame 262 and mirror plate 268, which act as a top 
electrode. Electrical connectivity between frame 262 and 
mirror plate 268 can be achieved through torsion beams 266 
themselves, through conductive leads formed on torsion 
beams 266, or through a combination of the two. Electrodes 
272 are formed under mirror plate 268 and vertical air gap 279 
shown into the page is further defined between electrodes 272 
and mirror plate 268 and forms the gap of the two capacitors. 
0147 Torsion beams 266 act as twist springs attempting to 
restore mirror plate 268 to its neutral position. Any potential 
difference applied across electrode 272 and mirror plate 268 
exerts an attractive force acting to overcome torsion beams 
266 and to close the variable gap 279 between electrodes 272 
and mirror plate 268. The force is approximately linearly 
proportional to the magnitude of the applied Voltage, but 
non-linearities exist for large deflections. The applied Voltage 
can be a DC drive oran AC drive per U.S. Pat. Nos. 6,543.286 
and 6,705,165 issued to Garverick et al. set forth below. In 
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practice, the precise Voltages needed to achieve a particular 
are experimentally determined. 
0148 Because each of two electrodes 272 forms a capaci 
tor with mirror plate 268, the amount of tilt is determined by 
the difference of the RMS voltages applied to the two capaci 
tors of the pair. The tilt can be controlled in either direction 
depending upon the sign of the difference between the two 
RMS voltages applied to V(A) and V(B). 
0149. It is contemplated herein that changing the angle of 
reflection may be accomplished by various other means other 
than moving, rotating, tilting a moveable mirror, including, 
but not limited to, translational motion of a fixed angled 
mirror, translational motion of an element with multiple fixed 
angled mirrors and the like. 
0150. It is further contemplated herein that forces to 
accomplish movement of the moveable mirror or other means 
of reflection can be other than electrostatic, including, but not 
limited to, magnetic, thermally activated, piezoelectric, 
piezoresistant, and the like. 
0151 Referring again to FIG. 1, there are many ways of 
configuring the MEMS array of micromirrors and their actua 
tion as wavelength switching assembly (WSA) 75. The fol 
lowing is an example: The MEMS array may be bonded to 
and have an array of Solder bumps contacting it to control 
circuitry 78, preferably including high-voltage circuitry 
needed to drive the electrostatic actuators associated with 
each of the mirrors. Control circuitry (controller) 78 controls 
the driver circuit and hence the mirrors in a multiplexed 
control system including address lines, data lines, and a clock 
line, driven in correspondence to an oscillator. The control is 
preferably performed according to pulse width modulation 
(PWM), a method for controlling the mirror tilt, as Garverick 
has described in U.S. Pat. Nos. 6.543.286, issued Apr. 8, 
2003, and 6,705,165, issued Mar. 16, 2004, incorporated 
herein by reference in their entirety. In these methods, a 
high-voltage square-wave common node drive signal is Sup 
plied through one or more power transistors to the common 
electrical node comprising all the mirrors while the driver 
array delivers phase delayed versions of the square-wave 
signal to each individual electrode, the amount of delay deter 
mining the RMS voltage applied across the electrostatic 
actuator electrodes of each mirror. In addition, Garverick has 
described in U.S. Pat. No. 6,788,981, issued Sep. 7, 2004 and 
incorporated herein by reference in its entirety, a method 
wherein an analog control system for an array of moveable 
mechanical elements. Such as moveable mirrors, formed in a 
micro electromechanical system (MEMS) is disclosed. 
0152 Control circuitry 78 preferably receives switch 
commands from the external system to effect Switching of the 
wavelength separated channels between the input and output 
fibers. Preferably, the drive voltage pulse widths that corre 
spond to mirror angles needed for Switching, which is prima 
rily representative of the physical characteristics of the 
MEMS array and its driver circuit, may be stored in an elec 
trically programmable read-only memory. 
0153. Referring to FIGS. 1 and 4, the angle of a mirror in 
switching mirror array 72 is preferably actively tilted by 
control circuitry 78 applying a voltage V(A), V(B) to elec 
trodes 272 of switching mirror array 72 so that the selected 
input port sub-beam an is preferably reflected to land pre 
cisely at the center of concentrator waveguide 46 associated 
with the particular output fiber port 64 after retracing its path 
through free space optics 74. The mirroris preferably actively 
tilted by control circuitry 78 to the required angle such that the 
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sub-beam, after reflection off the mirror, is properly aligned to 
planar waveguide 46 associated with output fiber port 64. 
Preferably, cell 260 (0.1 mirror) assigned to 1 of switching 
mirror array 72 tilts its mirror plate 268, which has projected 
on its reflective surface 270 v1(12)-2,1(22) from the six input 
fiber ports 12-22, and by control circuitry 78 applying a 
predetermined voltage V (A), V(B) to electrodes 272 of 
switching mirror array 72, tilts mirror plate 268 thereby 
selecting 1 from any of the six input fiber ports 12-22 (the 
other v1(s) being not selected are reflected into free space) 
and the selected 1 is reflected to land precisely at the center 
of planar waveguide 46 associated with output fiber port 64 
after retracing its path through free space optics 74. Wave 
length selective switch 10 switches one selected 1 from 
input fiber ports 12-22 to output fiber port 64 and blocks the 
remaining unselected W1(s) from input fiber ports 12-22, and 
so forth for W2-wn. 

0154 The described embodiment was based on 40 chan 
nels (n=40) in the ~1530-1562 nanometer band. However, the 
design is easily adapted to conform to various regions of the 
optical spectrum, including S-band, C-band, and L-band, and 
to comply with other wavelength grids, such as the 100 GHz, 
50 GHz, etc. grids published by International Telecommuni 
cation Union (ITU). 
0155 The described design provides several advantages 
for facilitating its easy insertion into WDM systems of either 
a few wavelengths, or for dense WDM (DWDM) systems 
having many wavelengths. For example, the design of the 
present invention produces lower polarization mode disper 
sion (PMD) and low chromatic dispersion relative to previous 
designs. Low PMD and chromatic dispersion naturally fol 
lows from the free-space optics. 
0156. Other types of MEMS mirror arrays may be used, 
including dual axis gimbal structure cells, those relying on 
flexing elements other than axial torsion beams, and those 
moving in directions other than tilting about a central Support 
axis. In particular, dual axis gimbaled mirrors facilitate hitless 
switching in regards to 1 xN mode of operation. Wavelength 
dispersive elements other than diffraction gratings also may 
be used. The concentrator, although important, is not crucial 
to many of the aspects of the invention. Further, the concen 
trator may be implemented in an optical chip serving other 
functions such as amplification, splitting or wavelength con 
version. 
0157. It is contemplated in an alternate embodiment that 
switching mirror array 72 could be replaced with other optical 
Switching elements such as liquid crystal, liquid crystals on 
silicon, a liquid crystal array, inkjet, mechanical, thermal, 
nonlinear, acousto-optic elements, amplifier and attenuators 
or the like known by one of ordinary skill in the art. 
0158. It is further contemplated that depending on the 
Switching element in use Such Switching element may posi 
tion, configure, change, change state, actuate, command, tilt, 
rotate, phase delay, or the like known by one of ordinary skill 
in the art. 
0159. A white-light cross connect, that is, an optical 
Switch that Switches all WS on a given fiber together, can be 
adapted from the system of FIGS. 1-5 by eliminating the 
dispersive element or DeMux/Mux. Although the invention 
has been described with respect to a wavelength selective 
Switch, many of the inventive optics can be applied to white 
light optical cross connects that do not include a wavelength 
dispersive element. Although moveable micromirrors are par 
ticularly advantageous for the invention, there are other types 
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of MEMS mirrors than can be electrostatically, electrically, 
magnetically, thermally, or otherwise actuated to different 
positions or orientations to affect the beam Switching of the 
invention. 
0160 Referring now to FIG. 2, a schematic illustration of 
a six input fiber port by one output fiber port with integrated 
optical Switching and monitoring system 11 is shown. Optical 
Switching and monitoring system 11 preferably includes ele 
ments and configuration of switch 10 including six input fiber 
ports 12, 14, 16, 18, 20, 22, additionally auxiliary monitoring 
fiber port 23, fiber concentrator array (FCA) 52, planar 
waveguides 32, 34, 36,38, 40, 42, additionally 41, 43 and 45. 
FSO 74 including frontend optics (FE)56, dispersive element 
62, backend optics (BE) 66, beam steering element (BSE) 68, 
switching mirror array 72, control circuitry 78, WSA 75, 
output fiber port 64 and output monitoring fiber port 25. 
0161 According to a preferred embodiment of the inven 

tion, optical Switching and monitoring system 11 is incorpo 
rated preferably by fabricating output tap 80 and planar 
waveguide 41 into fiber concentrator 52, whereby tap 80 
preferably couples about 10% of the optical power from 
output fiber port 64 of planar waveguide 46 into planar 
waveguide 41 which directs the multi wavelength output 
beam to output in free space and propagate in a pattern having 
a central axis which is parallel with the central axis of outputs 
from waveguides 32, 34, 36,38, 40, 42 of FIG. 1 in free space 
optics 74. 
0162 Alternatively, an optical Switching and monitoring 
system with feedback monitoring of the output fiber may be 
implemented externally (off-board of the optical switching 
and monitoring system 11) by fusing or splicing the output 
fiber with a monitoring fiber or via use of face plate connector 
and a splitter or jumper to couple about 10% of the optical 
power from output fiber port 64 fiber into monitoring fiber 
port 21, which is coupled to planar waveguide 41. Planar 
waveguide 41 outputs its multi-wavelength beam in free 
space propagating in a pattern having a central axis which is 
parallel with the central axis of outputs from waveguides 32. 
34, 36,38, 40 in free space optics 74. 
0163 Optical switching and monitoring system 11 prefer 
ably includes auxiliary monitoring fiber port 23 which is 
preferably coupled to planar waveguide 43, and preferably 
outputs its multi-wavelength beam in free space propagating 
in a pattern having a central axis which is parallel with the 
central axis of outputs from waveguides 32,34, 36,38, 40, 41, 
42, 43 in free space optics 74, thus enabling an auxiliary 
multi-wavelength beam to be monitored by optical Switching 
and monitoring system 11. An external signal not found on 
input fiber ports 12, 14, 16, 18, 20, 22 may be input into 
auxiliary monitoring fiber port 23 and optical Switching and 
monitoring system 11 may be utilized to monitor or read the 
power of each wavelength of a multi-wavelength beam input 
on auxiliary monitoring fiber port 23, and to output Such data 
to a user interface (User i?f) port 77 shown in FIGS.5A and 
5B. It is contemplated herein that more than one auxiliary 
monitoring port may be provided in a similar fashion. 
0164. Free space optics 74 preferably position the two 
multi-wavelength beams of monitoring fiber ports 21 and 23 
propagating from planar waveguides 42 and 43 onto moni 
toring mirror array 73 second row (row B). Cell 260 assigned 
to 1 mirror of monitoring mirror array 73 tilts its mirror plate 
268 (shown in FIG. 4), which has projected on its reflective 
surface 270 v1(21) and 1(23) from the two monitoring fiber 
ports 21 and 23 and by control circuitry 78 applying a voltage 
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V(A), V(B) to electrodes 272 of monitoring mirror array 73 
tilting mirror plate 268 selects w1 either from monitoring fiber 
port 21 or 23 (the other 1 being not selected is reflected away 
from the waveguides) and the selected 1 is preferably 
reflected to land precisely at the center of concentrator 
waveguide 45 associated with the particular output monitor 
ing fiber port 25 after retracing its path through free space 
optics 74. 
0.165 Optical switching and monitoring system 11 is 
capable of simultaneously switching one selected W1 from 
input fiber ports 12-22 to output fiber port 64 and blocking the 
remaining unselected W1(s) from input fiber ports 12-22, and 
So forth for W2-wn, and Switching one selected w from moni 
toring fiber ports 21 and 23 to output monitoring fiber port 25 
and blocking the remaining unselected w from monitoring 
fiber ports 21 or 23 as well as all other us from monitoring 
fiber ports 21 and 23 and so forth for 2-un individually. 
Output monitoring fiber port 25 preferably receives the 
selected single wavelength switched by MEMS mirror 
array 73 (row B) after it has passed through free space optics 
74. Output monitoring fiber port 25 preferably is coupled to 
optical power monitor 79. 
0166 In an exemplary embodiment of optical switching 
and monitoring system 11, MEMS mirror array 73, is 
replaced with a linearly translating reflective element as pro 
vided in FIG. 24A. FIG.24A provides WSA 75 with linearly 
translating reflective element 2407, including slider element 
2410. Optical switching and monitoring system 11 with lin 
early translating reflective element 2407 utilizes FSO 74 to 
disperse the wavelength spectrum of input monitoring fiber 
port 21 (shown in FIG. 1) DWDM optical signal linearly in 
space, so that the spectrum containing all signal wavelengths 
is projected horizontally across linearly translating reflective 
element 2407. Slider element 2410, which may be moved 
electrostatically, comprises reflective stripe 2450 in an 
example embodiment. A non-limiting example of reflective 
stripe 2450 includes a gold stripe, patterned as a thin film. 
Slider element 2410 may be positioned across the projected 
spectral band containing then incident beams with precision. 
A non-limiting example of position sensing system is capaci 
tive feedback, which may be implemented by controller and 
memory (for example switching control circuit 71 of FIG. 5) 
to determine the position of slider element 2410 along lin 
early translating reflective element 2407 and correlate such 
position with the corresponding optical power measured by 
optical power monitor 79. For example, n incident beams 
from input monitoring fiber port 21 are positioned linearly on 
linearly translating reflective element 2407 by FSO 74, and 
depending on the linear position of sliderelement 2410, slider 
element 2410 reflects a narrow portion or narrow band of the 
projected optical spectrum or selected band of the optical 
spectrum containing the n incident beams to output monitor 
ing fiber port 25, which is coupled to optical power monitor 
79. Moreover, slider element 2410 may be incrementally 
positioned across the entire spectrum of the optical signal to 
enable optical Switching and monitoring system 11 to mea 
sure the full spectral profile of the optical signal and perform 
analysis of the optical signal of output monitoring fiber port 
25, which is a tapped version of the main signal of interest on 
output fiber 64. A microprocessor known to one having ordi 
nary skill in the art may be implemented to interpret data 
received by optical power monitor 79 reflected from linearly 
translating reflective element 2407. Data may include, as 
non-limiting examples, per-channel power, center wave 
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length, passband shape, optical signal-to-noise ratio (OSNR). 
and passband ripple. Optical Switching and monitoring sys 
tem 11 with WSA 75 containing a moveable linearly trans 
lating reflective element 2407 in place of monitoring MEMS 
mirror array 73, but without MEMS switching mirrors 72, 
may be combined with a graphical interface to serve as a low 
cost optical spectrum analyzer. Furthermore, linearly trans 
lating reflective element 2407 may be combined with a 
switching row of MEMS mirrors 72 to implement a fully 
integrated optical Switching and monitoring system 11. 
0167. It is contemplated herein that linearly translating 
reflective element 2407 may be utilized to replace MEMS 
mirror array 73 in FIGS. 2, 18A, 19A and 21 and MEMS 
mirror array 72.1 in FIG. 20, offering a full-spectrum analyz 
ing alternative to a second MEMS monitoring mirror array 73 
of optical Switching and monitoring system 11. 
0.168. It is contemplated herein that linearly translating 
reflective element 2407 may be utilized with an optical switch 
having one input fiber port and one or more output fiber ports 
(i.e. wherein the optical signal paths in optical Switching and 
monitoring system 11 are reversed such that system 11 com 
prises one input fiber port and one or more output fiber ports), 
one or more taps 80, a combiner similar to combiner 310 
(shown in FIG.5A) for combining each portion of the tapped 
optical signal from output fibers ports (such as 13, 15, 17, 19 
and 21) into input monitoring fiber port 21. 
0169. Note that unlike the monitoring MEMS mirror array 
73 in FIG. 2, the linearly translating reflective element 2407 
cannot select wavelengths for measurement from between 
multiple input ports, such as input monitoring fiber port 21 or 
input monitoring fiber port 23. Therefore, the embodiments 
discussed herein can include either input monitoring fiber 
port 21 or input monitoring fiber port 23, but not both. 
0170 Referring again to the example embodiment of FIG. 
24A, linearly translating reflective element 2407 comprises 
movable slider element 2410 held in place by rails 2420. 
Slider element 2410 may travel linearly or laterally, in a 
horizontal direction, under rails 2420. Slider element 2410 
may include one or more thin reflective stripes 2450 patterned 
on slider element 2410 to reflect light back through FSO 74 to 
photodetector 79 in an example embodiment. Furthermore, in 
an example embodiment, 50 electrodes 2440 are used to move 
slider element 2410, and each electrode has 2°–4095 incre 
ments of Voltage for generating electrostatic force, allowing 
for precise movement of slider element 2410. Sense elec 
trodes 2444 (shown in FIG.24B) may be used to capacitively 
detect the position of slider element 2410. 
0171 Preferably, linearly translating reflective element 
24.07 may be fabricated as part of WSA 75, on substrate 2405. 
A non-limiting example of material for substrate 2405 
includes silicon. Linearly translating reflective element 2407 
may also include slider element 2410, rails 2420, one or more 
slider electrodes 2430 and 2446, a plurality of drive elec 
trodes 2440, and reflective area2450 (shown in FIG. 24B). In 
an example embodiment, reflective area 2450 includes a thin 
gold stripe. 
0172 FIG. 24B is a cross-section perspective of linearly 
translating reflective element 2407. Drive electrodes 2440 
and slider electrode 2430 are set on substrate 2405. Drive 
electrodes 2440 are covered with protective oxide layer 2442 
to prevent them from being shorted together by slider element 
2410, which is of a conductive material. Slider element 2410 
is placed on drive electrodes 2440 and slider electrode 2430. 
Slider element 2410 rests loosely on substrate 2405, and is 
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free to slide in the dimension going into and out of the page. 
In an example embodiment, slider element 2410 is formed 
with V-shaped tabs 2520 (shown in FIG. 24C) on its bottom 
side. The tabs 2520 mate with V-shaped grooves 2470 formed 
in substrate 2405 to enable slider element 2410 to slide along 
the channel formed by grooves 2470, into and out of the page 
in FIG. 24.B. Sense electrodes 2444 and second slider elec 
trode 2446 are set in slots 2455 (shown in FIG.24D) of slider 
element 2410. As with the drive electrodes 2440, sense elec 
trodes 2444 are covered with protective oxide layer 2499 to 
prevent shorting. In an example embodiment, a cap is placed 
over the slider. The cap comprises rails 2420, which rest 
above sense electrodes 2444 and second slider electrode 2446 
of slider element 2410. Rails 2420 and substrate 2405 are not 
attached to slider element 2410, allowing slider element 2410 
to slide. However, since slider element 2410 must have a 
Voltage imposed on it to generate electrostatic force, it must 
stay in contact with either electrodes 2430 or 2466, or both, 
while sliding. Reflective element 2450 is placed on top of 
slider element 2410. In an example embodiment, reflective 
element 2450 is a thin gold stripe, deposited by thin film 
deposition methods known to those skilled in the art. Making 
reflective element 2450 thinner will increase measurement 
resolution; making it thicker will increase sensitivity and 
measurement speed. 
(0173 FIG. 24C and FIG. 24D provide bottom and top 
views respectively of slider element 2410. In FIG. 24C, the 
bottom of slider element 2410 is shown. In an example 
embodiment, V-shaped tabs 2520 protrude from the bottom of 
slider element 2410. In FIG. 24D, the top of slider element 
2410 is shown. In an example embodiment, two slots 2455 are 
etched in slider element 2410. After slider element 2410 is 
assembled onto substrate 2405, the two slots 2455 will accept 
rails 2420. In an example embodiment, reflective material 
2450 is affixed to the middle un-etched layer, preferentially 
by metal deposition. 
0.174 FIG. 24E provides a top view and cross sectional 
view of silicon substrate 2460 with grooves 2470 etched in the 
substrate 2460. In an example embodiment, grooves 2470 
may be patterned in a V-shape. FIG. 24F provides a top view 
and cross sectional view of the electrodes patterned onto 
substrate 2460. In an example embodiment, slider electrode 
2430 is patterned in and around grooves 2470. A plurality of 
drive electrodes 2440 may be placed along either or both sides 
of slider electrode 2430 on substrate 2460. In an example 
embodiment, fifty drive electrodes 2440 are used on either 
side of slider electrode 2430, and each of the fifty drive 
electrodes 2440 has 4095 increments of Voltage for generat 
ing electrostatic force, allowing precise movement of slider 
element 2410 along slider electrode 2430. In an example 
embodiment, oxide layer 2442 preferably covers drive elec 
trodes 2440 to prevent the slider 2410 from shorting elec 
trodes, and slider electrode 2430 is left exposed so that it can 
contact the slider 2410. 

0.175 Other thin film metal features are also deposited on 
the same layer as drive electrodes 2440 and sense electrodes 
2444. Switching row electrode array 2498 will be used to 
drive the MEMS switching row 72 shown in FIG.24A. Wire 
bond pads 2437, preferably patterned along one or more 
edges of substrate 2460, will ultimately be used to connect 
WSA 75 to the rest of optical switching and monitoring 
system 11. 
0176 FIGS. 25A-D provide stages of an example embodi 
ment of fabrication for slider element 2410. FIG. 25A pro 



US 2009/0231580 A1 

vides substrate 2510. An example embodiment of substrate 
2510 is silicon, doped for high conductivity. FIG. 25B pro 
vides tabs 2520 etched on the bottom side of Substrate 2510. 
In an example embodiment, tabs 2520 may be etched into 
V-shaped tabs. Tabs 2520 may be etched using deep reactive 
ion etching (DRIE). FIG. 25C provides reflective element 
2450 patterned on substrate 2510. FIG.25D provides cavities 
2455 etched in substrate 2510. The etching also may remove 
some of reflective element 2450 that may have overlapped the 
area of either or both of cavities 2455. Slider element 2410 is 
now ready for singulation. 
0177 FIG. 26 provides an example embodiment of stages 
of fabrication of a cap that fits in cavities (or slots) 2455 of 
slider element 2410 (shown in FIG.24D). The starting mate 
rial is a thin substrate 2610. A non-limiting example of sub 
strate 2610 is insulative silicon. Next, conductive bump pads 
2640 are patterned on substrate 2610. Two inner slider elec 
trodes 2446 are patterned from a conductive thin film (typi 
cally a metal) in long straight lines on substrate 2610. Slider 
electrodes 2446 perform the same function as slider electrode 
2430 in FIGS. 24B and 24F to contact the slider element 
2410 in order to impose a voltage on it. Two outer sense 
electrodes 2444 may be patterned as gradually widening lines 
and utilized to determine the position of slider element 2410. 
Oxide layer 2499 (shown in FIG. 24B) may then be added 
over sense electrodes 2444 and selectively etched such that 
slider electrodes 2446 are exposed, and sense electrodes 2444 
are covered with oxide layer 2499. Rectangular hole 2650 
may then be etched between the rails 2420 to complete the 
fabrication of the slider cap. 
(0178 FIGS. 27A-C provide an example embodiment of 
the stages of the assembly process for WSA 75 containing a 
moveable reflective element in place of monitoring MEMS 
mirror Array 73. FIG. 27A provides etched substrate 2460 
with patterned electrodes in place, as shown in FIG.24F. In an 
example embodiment, one or more driver chips 2710 are 
placed on substrate 2460 by one of several well-known flip 
chip processes. In an alternative process, driver chips 2710 
may be placed last in the assembly, after linearly translating 
reflective element 2407 cap and slider, as well as the switch 
ing row MEMS mirrors have been attached. Driver chips 
2710 may include, as non-limiting examples, a general pur 
pose processor, a microprocessor, a digital signal processor, 
an application specific integrated circuit (ASIC) having 
appropriate combinational logic gates, a programmable gate 
array (PGA), a field programmable gate array (FPGA), an 
array of high Voltage operational amplifiers, an array of high 
Voltage level shifters, an array of digital to analog converters 
(DACs), a memory device (RAM or ROM), a contents 
addressable memory (CAM) device, various combinations of 
these, and the like. It is contemplated herein that various 
MEMS array control electronics described in U.S. Pat. Nos. 
6,543,286, 6,705,165, 6,788,981, and 6,961,257 describe 
several possible non-limiting embodiments of driver chips 
2710 and are incorporated herein by reference in their 
entirety. Although the descriptions of embodiments in these 
reference patents are generally directed toward electrostatic 
control of micromirrors, they are also well suited to drive 
linearly translating reflective element 2407. The same elec 
tronics devices may be used to drive both the mirrors in 
switching mirror row 72 and linearly translating reflective 
element 2407. 

0179 FIG. 27B provides a top view and cross-sectional 
view of the placing of the slider element. Slider element 2410 
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is placed in grooves 2470, the grooves etched into substrate 
2460. FIG. 27C provides a top view and cross-sectional view 
of the placing of the cap element. Cap element 2745 is placed 
over slider element 2410. In an example embodiment cap 
element 2745 may be attached with non-conductive paste 
(NCP) and stud bumps. Also at this stage of the exemplary 
embodiment, switching row MEMS mirror array 72 may also 
be attached over its electrode array 2498, using a process 
similar to that used for cap element 2745. In an alternative 
exemplary embodiment, cap element 2745 and the switching 
row MEMS mirror array 72 may be fabricated in a single 
piece of for example, silicon, and attached as one unit. 
0180. As can be seen in either FIG. 24A or FIG. 27C, 
slider element 2410 is held in place by grooves 2470 and rails 
2420. Slider element 2410 is free to slide horizontally left and 
right. When an electrical potential difference exists between 
slider element 2410 and any of drive electrodes 2440, an 
electrostatic force is set up between the two. Because of 
charge redistribution in the conductive slider element 2410 
and drive electrodes 2440, this force is always attractive. 
Driver chips 2710 impose voltage on slider element 2410 via 
slider electrodes 2430 and 2446. Such electrodes then impose 
a different voltage onto selected drive electrodes 2440, result 
ing in attractive force on the slider 2410. Stimulating drive 
electrodes 2440 underneath slider 2410 with a potential dif 
ferent than that of slider element 2410, will cause slider 
element 2410 to be held in place. Stimulating drive electrodes 
2440 just to the right of slider element 2410 with a voltage 
different from that of slider element 2410, while stimulating 
electrodes directly under the slider with a potential the same 
as slider element 2410 (thus canceling the force holding it in 
place), will cause slider element 2410 to be pulled to the right. 
The same principle can move slider element 2710 to the left, 
when drive electrodes 2440 to the left is stimulated. By stimu 
lating electrodes 2440 left, right, and under slider element 
2410 to create different amounts of potential difference left, 
right, and under, force balances can be set up to move the 
slider at very precise increments left or right, or stop it at a 
precise location. 
0181 Recall from FIG. 2 that the monitoring input of 
optical Switch and monitor system 11 projects the optical 
spectrum to be monitored as a horizontal line (going into the 
page of FIG. 2), which coincides with the travel path of 
reflective stripe 2450 on slider element 2410. As slider ele 
ment 2410 moves along its path, it reflects a thin portion of the 
optical spectrum back to the photodetector 79 of optical 
Switch and monitor system 11. When a system processor 
correlates the power measurement obtained by photodetector 
79 with the position of slider element 2410 for a number of 
linear locations on the spectrum, a detailed measurement of 
the spectrum is obtained, and can be presented numerically or 
graphically to a user and/or a higher level processor, or can be 
stored in a memory. This is the same principle used in many 
optical spectrum analyzers: mechanically Sweeping a narrow, 
moving measurement window across the spectrum, measur 
ing power at each increment of movement, and plotting the 
results. Utilizing software algorithms known to those skilled 
in the art, the data obtained in the spectral Sweep can be used 
to calculate passband size and shape, center wavelength, aver 
age power, and signal to noise ratio of the signals found in the 
wavelength spectrum of interest. 
0182. Note that the controller or driver chips 2710 may 
sweep slider element 2410 across the entire spectrum, or any 
desired portion of the spectrum that is of interest. The con 
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troller can also make tradeoffs between the speed of the 
Sweep and the accuracy of the measurement. Sweep time, 
direction, length, and Sweep frequency can be changed as 
desired by the controller to address the needs of the system 
making the measurement. 
0183 Note too that slider element 2410 can measure 
power at any point on the spectrum of interest. It is not 
confined to discrete windows around certain wavelengths (for 
example, ITU wavelengths); as is the measurement system 
based on monitoring mirror row 73 in FIG. 2. 
0184. In order to obtain an accurate spectral picture, slider 
element 2410 precise position across the horizontal line of 
translation must be known by controller or driver chips 2710 
or processor, so that it can be correlated to a wavelength 
“position' on the optical spectrum. The correlation between 
slider element 2410 position and wavelength measurement 
window can be determined to first order by design, and 
improved by factory calibration with known standard wave 
lengths, if desired. Driver chips 2710 can measure the slider's 
element 2410 position by determining the capacitance 
between slider element 2410 and the sense electrodes 2444. 
The gradually tapering sense electrodes 2444 shown in FIG. 
26 are one example of a sense electrode geometry that can be 
used by those skilled in the art to determine slider location. 
Because of the tapered shape of the sense electrodes 2444, the 
capacitance between them and slider element 2410 will have 
a unique value when slider element 2410 is overlapping sense 
electrodes 2444 at a given location on the horizontal axis. 
Alternatively, those skilled in the art will see other methods of 
placing sense electrodes, including by not limited to: inter 
spersing sense electrodes with the drive electrodes, using 
different electrode geometries, and/or using different num 
bers of electrodes, and combining sense and drive on the same 
electrodes. 

0185. In an alternate exemplary embodiment of optical 
Switching and monitoring system 11, monitoring MEMS mir 
ror array 73, is replaced with a moveable reflective element as 
provided in FIG. 28A-B. FIG. 28A provides a top view of a 
portion of the system shown in FIG. 2, consisting of the 
portion between the BSE (or segmented prism element 
(SPE)) 68 and the WSA 75. Added to the system in FIG.2 are 
a blocker structure 2840 with a slit 2845 and moveable reflec 
tive element 2800 comprising a stepper motor 2810 and a 
patterned rotating cylinder 2830. Patterned rotating cylinder 
2830 utilizes FSO 74 to project spatially input monitoring 
fiber port 21's DWDM optical signal as a band of n incident 
beams (wavelengths) linearly positioned across slit 2845 and 
patterned rotating cylinder 2830. Moveable reflective ele 
ment 2800, a non-MEMS cylinder with a reflective spiral 
2825 patterned on cylinder 2830, is used to reflect a selected 
portion of the desired optical spectrum of input monitoring 
fiber port 21 optical signal to output monitoring fiber port 25. 
Preferably, reflective spiral 2825 may be patterned onto a 
dark, light absorbing cylinder 2830 as a spiral. A stepper 
motor 2810 may rotate the cylinder behind slit 2845, causing 
a small portion of reflective spiral 2825 element to appear to 
move linearly or laterally when viewed through the slit. In an 
example embodiment, optical power reflected back to output 
monitoring fiber port 25 by reflective spiral 2825 may be 
recorded using a photodetector 79 and correlated to cylinder 
2830 (and hence reflectively spiral 2825) position along the 
horizontal axis of moveable reflective element 2800. FSO 74 
may capture a reflected beam from moveable reflective ele 
ment 2800 and carry the beam through free-space to a con 
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necting fiber, output monitoring fiber port 25, and leading to 
photodetector 79. A processor may calculate power, wave 
length, passband shape, OSNR, etc., in the same manner as 
described above for linearly translating reflective element 
24O7 of FIG. 24-27. 
0186 FIG. 28A provides a top view of the patterned cyl 
inder embodiment. Moveable reflective element 2800 is 
mounted on baseplate 2860, which is the same as the base 
plate shown in FIGS. 1 and 2, and is made, for example, of 
glass. A wavelength switching array (WSA), similar to WSA 
75 in FIG. 2, including array of switching row MEMS mirror 
array 72 (2820) but not including array of monitoring mirrors 
73 may be placed on baseplate 2860. Cylinder 2830 is placed 
in front of the WSA 75. Reflective strip 2825 is patterned onto 
the otherwise light-absorbing cylinder 2830, for example, in 
a spiral pattern. A non-limiting example of reflective strip 
2825 is a thin gold stripe. In an example embodiment, stepper 
motor 2810 rotates cylinder 2830 such that a small portion of 
reflective strip 2825 moves linearly across cylinder 2830 
when viewed length-wise along cylinder 2830 through slit 
2845. A blocker structure 2840 with slit 2845 may be posi 
tioned in front of cylinder 2830, opposite the WSA 75. Beam 
steering element 2850 (68) may be placed on baseplate 2860 
in front of blocker structure 2840. FIG. 28B provides a head 
on view of moveable reflective element 2800, as would be 
seen by light beams entering the system (that is, as would be 
seen by an observer standing on baseplate 2860 of FIG. 2, just 
right of the BSE 2850 (68), and looking right into blocker 
2840 through slit 2845). Cylinder 2830 is rotated via stepper 
motor 2810 and as cylinder 2830 turns, reflective element 
2825 appears to move linearly across slit 2845. 
0187. As in linearly translating reflective element 2407 of 
FIG. 24, it is necessary to know the precise position of cylin 
der 2830 for each incremental power measurement. This can 
be accomplished by monitoring the rotational position of 
stepper motor 2810 by keeping track of commands sent to it 
from motor control electronics (not shown in the figure). In 
general, stepper motor controllers can control motor shaft 
angle to very high precision. 
0188 It is contemplated herein that moveable reflective 
element 2800 may be utilized to replace MEMS mirror array 
73 in FIGS. 2, 18A, 19A and 21 and MEMS mirror array 72.1 
in FIG. 20, offering a full-spectrum analyzing alternative to a 
second MEMS monitoring mirror array 73. 
0189 FIG. 29 provides a flow diagram of an example 
embodiment of method 2900 of analyzing data of a selected 
portion of a wavelength spectrum. In block 2910, a wave 
length spectrum is received. “Received in this context refers 
to the conditioning, focusing, magnifying, dispersion, and 
projection of the spectrum as performed by the shared front 
end optics 56, wavelength dispersive element 62, beam steer 
ing element 68, and backend optics 66 described in for 
example FIG. 2 and elsewhere herein. In general, the optical 
spectrum projected horizontally across the path of moveable 
reflective elements 2407 or 2800 is identical to that projected 
across MEMS mirror row 73 in FIGS. 1 and 2. In block 2920, 
moveable reflective element 2800 or 2407 is positioned to 
reflect a selected portion of the wavelength spectrum. In block 
2930, the desired region of the reflected portion of the wave 
length spectrum is scanned. In block 2940, data obtained 
from the scan is used to obtain a spectral graph of the signal, 
as well as calculate parameters of interest Such as center 
wavelength, passband, passband ripple, and OSNR data. In an 
example embodiment, spectral regions between wavelengths 
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may be measured to obtain background noise readings and to 
obtain signal-to-noise ratio data. In another example embodi 
ment, the moveable reflective element 2800 or 2407 may be 
moved to an arbitrary location by a controller or processor 
and to be held there, allowing real-time dynamic measure 
ment of a desired narrow band of the spectrum. 
0190. Referring again to FIG. 2, power monitor (optical 
measurement device) 79 preferably is a photodiode, prefer 
ably measuring the power level of wavelength in Switched by 
monitoring mirror array 73 (row B), measuring one wave 
lengthat a time. As monitoring mirror array 73 (row B) selects 
wavelength an and routes it to waveguide 45 coupled to 
output monitoring fiber port 25, power monitor 79 preferably 
measures the power of Such wavelength win. Alternatively, 
power monitor 79 may be any type of optical measuring 
device, for example a device capable of measuring power of 
one or more wavelengths by Scanning the multi-wavelength 
components, determining signal to noise ratios by spectrum 
analyzing the wavelength bandwidth, measuring polariza 
tion-dependent properties, and the like. The optical intensi 
ties for all wavelength-separated signals are preferably con 
verted to analog or digital form by power monitor 79 and 
supplied to control circuitry 78, which preferably adjusts 
switching mirror array 72 as set forth herein to adjust the 
power of wavelength win to conform to one or more predeter 
mined criteria. 
0191). Other forms of power monitoring are possible as 
long as the time necessary for resolutions of differences in 
wavelength channel power levels is sufficient for power 
adjustments. If the adjustments are intended to only address 
aging and environmental effects, the resolved measurement 
time may be relatively long. On the other hand, fast feedback 
may be necessary for initializing Switch states, for compen 
sating for transient changes in power level Such as occur from 
the combination of polarization-dependent loss and polariza 
tion fluctuations which vary at the wavelength level, for sta 
bilizing against vibration, and for alarm signaling to protec 
tion circuitry and for network fault recovery. Moreover, by 
replacing photodetector 79 with other commercially avail 
able devices, other parameters may be measured such as 
optical signal to noise ratio (OSNR), center wavelength, tran 
sient behavior, or bit error rate. 
0.192 Moreover, various configurations of optical switch 
ing and monitoring system 11 are contemplated herein, 
including taps or splitters for all or a selected number of input 
and output fiber ports, including their associated planar 
waveguide, free space optics, MEMS mirrors and the like. 
(0193 Referring now to FIG. 5A, a functional block dia 
gram of a one input port by five output fiber port 1 xN (N=5) 
optical Switching and monitoring system 10.1 wavelength 
selective switch with power monitor and feedback control is 
illustrated according to an alternate embodiment of the 
present invention. In optical Switching and monitoring sys 
tem 10.1, forty wavelengths enter input port (In) 12 and are 
demultiplexed (DeMux) 302 into forty separate wavelengths 
W1-W40, the optical cross-connect (OXC) 304 switches the 
forty wavelengths, multiplexes (Mux) 306, and outputs the 
forty wavelengths to their switch selected output (Out 1-5) 13, 
15, 17, 19, 21. Forty wavelengths in and forty wavelengths 
out; however, the forty wavelengths out are distributed across 
the output fiber ports (Out 1-5) 13, 15, 17, 19, 21 as selected 
by the optical cross-connect switch 304. About 10% of the 
optical power of each output (Out 1-5) 13, 15, 17, 19, 21 is 
tapped or split off (Output taps) 308 to a 5:1 combiner 310, 

Sep. 17, 2009 

which is coupled to an 80 channel selector 312. Channel 
selector 312 preferably selects one wavelength of the forty 
internal or forty external (Aux. OPM In) 23 and feeds such 
wavelength to the photo diode (PD)314. The output from the 
photodiode is passed to the equalization control circuit 316 
and/or to user interface 77 (User i?f). The equalization control 
circuit 316 preferably controls the per wavelength variable 
optical attenuator (VOA) 318 which adjusts the wavelength 
transmitted power to conform to one or more predetermined 
criteria. Switch commands 71 are provided for an external 
controller, via user interface 77, for wavelength selection 
from input to output Switching, for wavelength selection for 
power monitoring, and/or power monitoring. 
(0194 Referring now to FIG. 5B, a functional block dia 
gram of five input fiber ports by one output fiber port Nx1 
(N=5) optical switching and monitoring system 10.2 wave 
length selective switch with power monitor and feedback 
control is illustrated according to preferred embodiment of 
the present invention. In optical Switching and monitoring 
system 10.2, forty wavelengths enter each input port (In 1-5) 
12, 14, 16, 18, and are demultiplexed (DeMux) 302 into five 
sets of forty separate wavelengths W1-W40, the optical cross 
connect (OXC) 304 selects and switches forty wavelengths, 
multiplexes (Mux) 306 and outputs forty selected wave 
lengths to output (Out) 64. About 10% of the optical power of 
output (Out) 64 is tapped or split off (Output Tap 308) to an 80 
channel selector 312. The channel selector 312 selects one 
wavelength of the forty internal or forty external (Aux. OPM 
In)23 and feeds such wavelength to the photo diode (PD)314. 
The output from the photodiode is passed to the equalization 
control circuit 316 and/or to user interface 77 (User i?f). The 
equalization control circuit 316 controls the corresponding 
wavelength variable optical attenuator (VOA) 318 which 
adjusts the transmitted power to conform to one or more 
predetermined criteria. Switch commands 71 are provided 
from an external controller, via user interface 77, for wave 
length selection from input to output Switching, for wave 
length selection for power monitoring, and/or for power 
monitoring. 
(0195 User interface 77 preferably is an interface enabling 
information to pass from the optical Switching and monitor 
ing system to outside of the optical Switching and monitoring 
system, and from outside the optical Switching and monitor 
ing system into the optical Switching and monitoring system, 
wherein such outside systems include but are not limited to a 
human operator, an embedded controller, network manage 
ment systems and/or network alarming systems. Information 
may include, but is not limited to, wavelength routing infor 
mation, wavelength selection for power monitoring, wave 
length to be Switched from input to output, Switch status, 
wavelength power levels, wavelength power level settings, 
and the like. 
0196. The optical monitoring system described above in 
FIGS. 2 and 5 is preferably internal to the optical switching 
and monitoring system and has the advantage of using all the 
free space optics and MEMS mirrors of such switch. How 
ever, an external optical monitoring system is possible 
wherein photodiode 79 is external and coupled to the optical 
Switching and monitoring system via monitoring fiber 25 
(shown in FIG. 2), with the advantage of monitoring all the 
output signals of the Switch. 
0.197 Per-wavelength power adjustment is achieved in the 
embodiment of FIG. 1 with relatively minor additions to the 
hardware other than the optical power monitor and taps 
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shown in FIGS. 2 and 5. Mirrors 72 used for switching 
between channels and for optimizing transmission are used 
additionally for the variable attenuation of the output power, 
thereby effecting per-wavelength variable transmission 
through optical Switching and monitoring system 11. To 
achieve such variable attenuation external to the Switch would 
otherwise require separate attenuators in each of the multiple 
wavelengths of each of the optical channels. Moreover, the 
control functions can be incorporated into the same control 
circuitry 78. 
0198 There are two principal types of misalignment or 
mismatch between the beam and waveguide to attain variable 
attenuation of the wavelength output power. Referring now to 
FIG. 6A, a cross sectional view illustrates a mismatch in 
optically coupling a wavelength component beam 110 to the 
waveguide substrate 52 according to a preferred embodiment 
of the present invention. Positional mismatch occurs when, as 
illustrated in the cross-sectional view of FIG. 6A, central axis 
112 of wavelength unbeam 110 is offset slightly from central 
axis 114 of waveguide 116 of fiber concentrator 52. The 
figure, being Suggestive only, does not illustrate the Smooth 
variation of the optical fields both inside and outside of the 
illustrated wavelength unbeam 110 and waveguide 116 and 
across the lateral interface. FIG. 6A further assumes that the 
two modal fields have the same width, which is the typical 
object of optical design. Slightly tilting mirror win of Switch 
ing mirror array 72 (row A) to deliberately misalign or mis 
match wavelength unbeam 110 entry into waveguide 116 of 
fiber concentrator 52, results in a degraded coupling and in 
loss of wavelength unbeam 110 optical power in waveguide 
116. In a typical embodiment, coupling is attenuated by about 
1 dB per micrometer of positional mismatch. 
0199. On the other hand, angular mismatch occurs when, 
as illustrated in the cross-sectional view of FIG. 6B, wave 
length unbeam 110 is angularly inclined with respect to 
waveguide 116 even if their central axes 112 and 114 cross at 
their interface 118. Angular mismatch degrades the coupling 
because a phase mismatch occurs between the two fields at 
the interface arising from the axial z-dependence of the two 
complex fields. In a typical embodiment, coupling is 
degraded by about 1 dB per degree of angular offset but the 
angular dependence depends strongly upon the optics. It 
should be appreciated that a beam can be both positionally 
and angularly mismatched with a waveguide. It should be yet 
further appreciated that the mismatch can occur at the transi 
tion from free space to fiber (if no concentrator) and its beam 
field defined by the rest of the optical system. 
(0200 Referring now to FIG. 7A, there is illustrated a fiber 
concentrator 120 that utilizes the optical fiber included in the 
switch of FIGS. 1, 2 and 5 to bring optical signals closer 
together. Fiber holder 122 is patterned by precision photo 
lithographic techniques with a series of preferably V-shaped 
grooves (or other channel configuration) in the general planar 
pattern shown in fiber holder 122 of FIG. 7A. Single-mode or 
multi-mode optical fibers 124 having cores 126 surrounded 
by claddings 127 and buffer 128. In this application, optical 
fibers 124 are stripped of their protective buffer 128 and 
cladding 127, or have their cladding 127 reduced or tapered 
toward output face 44 of fiber holder 122 to enable close 
linear placement of cores 126. Typical core and cladding 
diameters are respectively 8.2 micrometers and 125 
micrometers. Among other favorable attributes, the concen 
trated fiber core spacing reduces the amount of "dead space” 
between fibers which would otherwise increase the total mir 
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ror tiltrange. Tapered fibers 124 are preferably placed into the 
grooves with their tapered ends forming transition to free 
space optics 74. The all-fiber design eliminates the tedious 
alignment and in-path epoxy joint of combination 
waveguides, as shown in FIGS. 7B and 7C. The design also 
eliminates polarization-related effects arising in planar 
waveguides. 
0201 Fiber concentrator 120 interfaces widely separated 
optical fibers 124 with the closely configured free space 
optics 74 and wavelength switching assembly 75 of WSS of 
FIGS. 1 and 2. Multiple fibers 124 are typically bundled in a 
planar ribbon. V-shaped grooves in fiber holder 122 hold the 
reduced cladding 128 with a spacing of for example, 40 
micrometers. Although a core of each fiber 124 has a rela 
tively small size of about 8 micrometers, its outer glass clad 
ding results in a fiber diameter of approximately 125 
micrometers. The large number of fibers, which can be 
handled by the single set of free-space optics 74 of the inven 
tion, arranged along an optical axis make it difficult to process 
a large number of fiber signals with Such a large spacing 
between them because the outermost fiber signals are so far 
from the optical axis capabilities of the mirrors. Also, as 
discussed in more detail below, a significant amount of opti 
cal magnification is required between these fibers and the 
MEMS mirror array, and the MEMS design and function is 
greatly simplified as a result of concentrating the fiber spac 
1ng 

0202 Referring now to FIG. 7B, a schematically illus 
trated optical fiber concentrator array 52, using planar 
waveguide included in the 5x1 WSS according to a preferred 
embodiment of the present invention, and included in the 
switch of FIGS. 1, 2 and 5B. Single-mode optical fibers 124 
having cores 126 surrounded by claddings 127 (shown in 
FIG. 7A) are butt coupled to fiber concentrator 52. In the 6x1 
switch 10 shown in FIG. 1, six input fiberports 12, 14, 16, 18, 
20, 22 and output fiber 64 are preferably optically coupled to 
fiber concentrator 52 in a linear alignment and are preferably 
optically coupled to input fiberports 12-22 and output fiber 64 
to bring their signals closer together on output face 44 offiber 
concentrator 52 adjacent the optics, and to output the beams 
in parallel in a linearly spaced grid. Returning to FIG. 7B, 
fiber concentrator 52 preferably has curved shaped planar 
waveguides 32, 34, 36, 38, 40 and 45 corresponding to input 
fiber ports 12, 14, 16, 18, 20, and output fiber 64 within fiber 
concentrator 52 to preferably concentrate and reduce the 
spacing between fiber input fiber ports 12, 14, 16, 18, 20, 64 
from 125 micrometers, representative of the fiber diameters, 
to the considerably reduced spacing of, for example 30 or 40, 
micrometers and preferably no more than 50 micrometers 
which is more appropriate for the magnifying optics of Switch 
10 and an optimum tilt range of the mirrors. Each of 
waveguides 32, 34, 36,38, 40, and 45 is preferably coupled to 
respective 12, 14, 16, 18, 20 input port and output fiber 64. 
Further, waveguides 32,34, 36,38, 40, 41 and 45 preferably 
extend along a common plane directing the wavelengths to 
output in free space and to propagate in patterns having cen 
tral axes which are also preferably co-planar. 
(0203 FIG. 7B further discloses the fabricating of output 
tap 80 and planar waveguide 41 into fiber concentrator 52. 
whereby tap 80 preferably couples about 10% of the optical 
power from output fiber port 64 of planar waveguide 45 into 
planar waveguide 41, which directs the multi wavelength 
output beam to output in free space and to propagate in a 
pattern having a central axis which is preferably co-planar 
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with outputs from waveguides 32, 34, 36,38, 40, 45 of FIG. 
2 in free space and switched by monitoring mirror array 73 
(row B) after it has passed through free space optics 74. 
0204 Fiber concentrator 52 in FIG. 2, may include auxil 
iary monitoring fiber port 23, coupled to planar waveguide 
43, wherein fiber concentrator 52 preferably outputs its multi 
wavelength beam in free space propagating in a pattern hav 
ing a central axis which is preferably co-planar with outputs 
from waveguides 32,34, 36,38, 40, 41 in free space optics 74, 
thereby enabling an external multi-wavelength beam to be 
monitored by optical Switching and monitoring system 11. An 
external signal not found on input port 12, 14, 16, 18, 20, 22 
may be input into auxiliary monitoring fiber port 23 and 
optical Switching and monitoring system 11 may be utilized 
to monitor or read the power of each wavelength of a multi 
wavelength beam on auxiliary monitoring fiber port 23 and to 
output such data to a user interface (Useriff) 77 port shown in 
FIGS. 5A and 5B. It is contemplated herein that additional 
auxiliary monitoring fiber port 23 may be added in a similar 
fashion. 

0205 Potential limitations on the free space optics 74 and 
wavelength Switching assembly 75 occur when configuring 
larger numbers of fibers than the present invention, if 
arranged along an optical axis of input fiber ports 12, 14, 16. 
18, 20 and output fiber 64. Absent a fiber concentrator 52. 
adding additional fibers makes it difficult to switch such 
increased number of fiber signals with Such a large spacing 
between such fibers because the outermost beams are so far 
off the center optical axis capabilities of the mirrors in the 
preferred embodiment between input fiber ports 16 and 18. 
Also, as discussed in more detail below, a significant amount 
of optical magnification is required between these fibers and 
the MEMS mirror array, and the MEMS design and function 
are greatly simplified as a result of concentrating the fiber 
spacing. 
0206 Referring now to FIG. 7C, a schematically illus 
trated optical concentrator array 53 is shown wherein planar 
waveguides are included in the 1x5 WSS according to an 
alternate embodiment of the present invention. Single-mode 
optical fibers 124 having cores 126 surrounded by claddings 
127 and buffers 128 (shown in FIG. 7A) are butt coupled to 
concentrator 53. Illustrated in the 1x5 wavelength selective 
switch 10.1 shown in FIG. 5A, one input port 12 and five 
output fiber ports 13, 15, 17, 19, 21 are preferably optically 
coupled to fiber concentrator 53 in a linear alignment and are 
preferably optically coupled to fiber input port 12, and output 
fiber ports 13-21 to bring their beams closer together on 
output face 44 of fiber concentrator array 53 adjacent the 
optics, and to output the beams in parallel in a linearly spaced 
grid. Fiber concentrator 53 preferably has curved shaped 
planar waveguides 32, 33,35, 37, 39, 47 and 49 within fiber 
concentrator 53 to preferably concentrate and reduce the 
spacing between fiber input fiber ports 12, 13, 15, 17, 19, 21 
from 125 micrometers, representative of the fiber diameters, 
to the considerably reduced spacing of, for example, 30 or 40 
micrometers and preferably no more than 50 micrometers 
which is more appropriate for the magnifying optics of Switch 
11 and an optimum size and spacing of the mirrors. Each of 
waveguides 32,33,35, 37, 39, 47 is preferably coupled to the 
respective input fiberport 12, and output fiberports 13, 15, 17. 
19, 21. Further, waveguides 32,33,35, 37, 39, 47 preferably 
extend along a common plane directing the multiwavelength 
beams to output in free space and to propagate in patterns 
having central axes which are also preferably co-planar. 
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0207 FIG. 7C further discloses the fabricating of output 
taps 80 and planar waveguide 49 into fiber concentrator 53 
whereby taps 80 preferably couple about 10% of the optical 
power from output fiber ports 13, 15, 17, 19, 21 via 
waveguides 33, 35, 37, 39, 47 into planar waveguide 49, 
which directs the multi wavelength output beam to output in 
free space and to propagate in a pattern having a central axis 
which is preferably co-planar with outputs from waveguides 
32, 33,35, 37, 39, 47 in free space and switched by monitor 
ing mirror array 73 (row B) after it has passed through free 
space optics 74. The reflected beam preferably passes again 
through free space optics 74 and into output waveguide 45 
(shown in FIG. 2 but not in FIG.7C) which guides the signal 
to photodetector 79 wherein fiber concentrator 53 performs 
the functions of taps 308 and 5:1 combiner 310 in FIG.5A. 
0208 Concentrator 53 may also include auxiliary moni 
toring fiber port 23, coupled to planar waveguide 43 wherein 
fiber concentrator 53 preferably outputs its multi-wavelength 
beam in free space propagating in a pattern having a central 
axis which is preferably co-planar with outputs from 
waveguides 32, 33, 35, 37, 39, 47 in free space optics 74, 
thereby enabling an external multi-wavelength beam to be 
monitored by optical Switching and monitoring system 10.1 
or 11. An external signal not found on input(N) may be input 
into auxiliary monitoring fiber port 23 and optical Switching 
and monitoring system 10.1 or 11 may be utilized to monitor 
or read the power of each wavelength of a multi-wavelength 
beam on auxiliary monitoring fiberport 23 and to output Such 
data to a user interface (User i?f) port shown in FIGS.5A and 
5B. It is contemplated herein that additional auxiliary moni 
toring fiber port 23 may be added in a similar fashion. 
(0209 Fiber concentrators 52 and 53 can be easily formed 
by a conventional ion exchange technique. Such as is available 
from fiber array manufactures, such as WaveSplitter Tech 
nologies of Fremont, Calif. For example, waveguides 32, 34, 
36,38, 40, 41, 45,33,35,37.39, 47,49 are formed by doping 
Such signal path to obtain a higher refractive index than the 
Surrounding undoped glass, and thus, can serve as optical 
waveguides. However, a half-elliptical shape is optically dis 
advantageous. Therefore, after completion of ion exchange, a 
vertical electric field is applied to the substrate to draw the 
positive ions into the glass Substrate to create nearly circular 
doped regions. These serve as the planar optical waveguides 
surrounded on all sides by the lower-index glass. Other meth 
ods are available for forming planar waveguides. 
0210 Fibers 124 of FIGS. 7B and 7C are aligned to fiber 
concentrators 52 and 53 at input face 127 of fiber concentra 
tors 52 and 53. Preferably, the fiber end faces are inclined by 
about 8 degrees to the waveguides in order to virtually elimi 
nate back reflections onto fibers 124. Other types of concen 
trator chips and fiber holder substrates are available and are 
contemplated herein. 
0211 Fiber concentrators 52 and 53 preferably create a 
relatively narrow spread of parallel free-space beams in a 
linear arrangement for wavelength selective switch 10 and 11, 
as Golub et al. has described in U.S. Pat. No. 6,694,073, 
issued Feb. 17, 2004. Even when multiple fibers are con 
nected to wavelength selective switch 10 and 11, the fibers are 
concentrated to an overall width of only about 1 millimeter. 
The design allows shorter focal length lenses and signifi 
cantly reduces the overall size of the package. It is also more 
reliable and highly tolerant to environmental stress than pre 
viously described systems. Without a concentrator, the num 
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ber of fibers connected to wavelength selective switch 10 and 
11 would be limited for a given package size. 
0212. An example of front end optics 56 is illustrated in 
more detail in the cross-sectional view of FIG. 8, as Golub has 
described in U.S. Pat. No. 6,694,073, issued Feb. 17, 2004. 
The free-space beams output by the waveguides, whether 
planar or fiber, offiber concentrator 52 or 53 are divergent and 
form a curved field. This discussion will describe all the 
beams as if they are input beams, that is, output from the 
concentrator into the free-space optics. The beams are in fact 
optical fields coupled between optical elements. As a result, 
the very same principles apply to those of the beams that are 
output beams which eventually reenter fiber concentrator 52 
or 53 for transmission onto the network. 

0213. The beam output from fiber concentrator 52 or 53 
enters into the wavelength selective switch through field 
flattening lens 220, in order to flatten what would otherwise 
be a curved focal plane of the collimator lens. Field-flattening 
lens 220 accepts a flat focal plane for the multiple parallel 
beams emitted from the concentrator. In the reverse direction, 
field-flattening lens 220 produces a flat focal plane and par 
allel beams compatible with the end of the concentrator 42 to 
assure good coupling to waveguides in the concentrator. 
0214. In many optical systems, an image is formed on a 
curved, non-planar Surface, typically by beams non-parallel 
to each other. In many applications such as photographic 
imaging systems, such minor deviations from a flat field are 
mostly unnoticeable and inconsequential. However, for a 
wavelength selective switch based on free-space optics, par 
allel single-mode fibers, Small parallel beams, and planar 
mirror arrays, a curved image can degrade coupling effi 
ciency. Performance is greatly improved if the optics produce 
a flat focal plane at output face 44, and on the return trip it will 
be imaged onto fiber concentrator 52 or 53 waveguide ends. 
Hence, the ends of the input waveguides in fiber concentrator 
52 or 53 are imaged onto the ends of the output waveguides in 
fiber concentrator 52 or 53, and the efficiency of coupling into 
the single-mode waveguides strongly depends on the quality 
of the image. Without the field-flattening lens, it would be 
very difficult to build a WSS with more than a few fiber ports 
because the error in focus would significantly increase for 
fibers displaced away from the optical axis. Field-flattening 
lens 220 preferably is designed as an optical element with 
negative focal length, and is thicker at its periphery than at its 
optical axis in the center. The basic function of the thicker 
glass at the periphery is to delay the focus of the beams 
passing therein. The delayed focus serves to create a flatplane 
of focus points for all beams, rather thana curved plane of foci 
that would occur otherwise. A field-flattening lens may be 
implemented as a singlet lens, a doublet, aspheric, or other 
lens configuration. 
0215. A field-flattening lens may, in the absence of further 
constraints, produce an optical field in which the off-axis 
beams approach the flat focal plane at angles that increasingly 
deviate from normal away from the optical axis. Such non 
perpendicular incidence degrades optical coupling to fibers 
arranged perpendicular to the flat focal plane. Therefore, 
performance can be further improved if the beams are made to 
approach the focal plane in parallel and in a direction normal 
to the flat focal plane. This effect of producing parallel beams 
is referred to as telecentricity, which is aided by long focal 
lengths. 
0216. After field-flattening lens 220, the beams pass 
through a collimating doublet lens 222, preferably consisting 

Sep. 17, 2009 

of concave lens 224 joined to convex lens 226. Doublet lens 
222 may be a standard lens such as Model LAI-003, available 
from Melles Griot, which offers superior collimating and 
off-axis performance. The effective focal length of the assem 
bly may be about 14 mm. Collimating lens 222 is illustrated 
as following the field-flattening lens 220, which is preferred, 
but their positions can be reversed with little change in per 
formance. 

0217. As an aid to reducing the overall insertion loss of the 
integrated WSS in FIGS. 1, 2, 4, 5 (although not a strict 
requirement), prism 228, which may be a simple wedge, 
preferably is placed between collimating lens 222 and disper 
sive element 62. Prism 228 pre-corrects for the astigmatism 
introduced by dispersive element 62. The wedge angle of the 
prism, along with the type of glass from which it is made, 
allows elliptically shaped (orastigmatic) beams to be created. 
If prism 228 is composed of common optical glass, the wedge 
angle is typically on the order of 25 degrees to compensate for 
the type of dispersive element 62 considered for the invention. 
The ellipticity counteracts a similar ellipticity that is an unde 
sirable by-product of dispersive elements. The net result of 
the prism and grating is a distortion-free optical beam that can 
be efficiently processed by the remaining optical components 
in the system and ultimately coupled with high efficiency 
back into the small core of a single-mode fiber. Field-flatten 
ing lens 220, collimating doublet lens 222, and prism 228 are 
collectively and individually referred to as front-end optics 
56. 

0218. Referring now to FIG.9A, a front face view of (n) 
channel MEMS mirror (row A) and five incident beams from 
the five fiber input fiber ports is illustrated, according to an 
illustrative embodiment of the present invention. Mirrors 72 
and 73 (shown in FIG.9B) of the mirror array are preferably 
formed within a single substrate 264 (shown in FIG. 4) in a 
rectangular two-dimensional array, which is arranged in a 
Switching or monitoring dimension and a wavelength dimen 
sion. A typical mirror reflective surface 270 (shown in FIG. 
4), is illustrated in the plan view of FIG.9A,9B,9C includes 
switching mirror array 72 (row A) preferably having dimen 
sions of about 200 micrometers in the X-axis direction and 
about 250 micrometers in the y-axis direction. The optics are 
designed to irradiate each mirror of Switching mirror array 72, 
preferably with five elliptically shaped spots 320 representing 
u(n) from input fiber ports 12-22. As stated earlier, for 
example, W1 mirror of switching mirror array 72 has 1(12)- 
1 (20) from all five input fiber ports 12-20 projected onto u1 

mirror surface via beam steering element 68, and by tilting 1 
mirror of switching mirror array 72 of switch 10 or 11, 
switches one selected 1 (12-20) from fiber input fiber ports 
12-20 to fiber output port 64 and blocks the remaining unse 
lected w1(s) from input fiber ports 12-20, and so forth for 
2-un. In addition, the five elliptically shaped spots 320 are 
shown in an overlapping manner (as further shown in FIGS. 
9C and 12). 1(12)-1(20) represented by spots 320 prefer 
ably have a diameter on an X-axis of about 100 micrometers 
and a diameter on a y-axis of 150 micrometers. The MEMS 
mirrors of switching mirror array 72 preferably spans about 
10 millimeters in the x-axis direction (into the page in FIG. 2). 
It is contemplated by this invention herein that other dimen 
sions and/or shapes are feasible for switching mirror array 72. 
0219 Referring now to FIG. 9B, a front face view of a 
second channel MEMS mirror (row B) and two incident 
beams from the two monitoring input fiber ports is illustrated 
according to an illustrative embodiment of the present inven 
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tion. A typical mirror reflective surface 270 (shown in FIG. 4), 
is illustrated in the plan view of FIG. 9B a representative 
mirror of monitoring mirror array 73 (row B) preferably 
having dimensions of 200 micrometers in the X-axis direction 
and 250 micrometers in the y-axis direction. The optics are 
designed to irradiate each mirror of monitoring mirror array 
73, preferably with two elliptically shaped spots 420. As 
stated earlier, for example W1 mirror of monitoring mirror 
array 73 has 1(21) and 1(23) from two monitoring fiber 
ports 21 and 23 projected onto 1 mirror surface via beam 
steering element 68, and by tilting W1 mirror of monitoring 
mirror array 73 switch 11 Switches one selected from moni 
toring fiber ports 21 or 23 to output monitoring fiber port 25 
and blocks the remaining unselected w from monitoring fiber 
ports 21 and 23 as well as all other us from monitoring fiber 
ports 21 and 23. In addition, the two elliptically shaped spots 
420 are shown in a non-overlapping manner; however, spots 
420 may overlap one another on each mirror of monitoring 
mirror array 73. 1(21) and 1(23), represented by spots 420 
preferably have a diameter on an x-axis about 100 microme 
ters and a diameter on a y-axis of 150 micrometers. The 
MEMS mirrors of monitoring mirror array 73 span about 10 
millimeters in the x-axis direction (into the page in FIG. 2). It 
is contemplated by this invention herein that other dimen 
sions are feasible for monitoring mirror array 73. 
0220 Referring now to FIG. 9C, a front face view of 
MEMS mirror 72 (row A) shown with five incident beams 
from the five input fiber ports is illustrated, according to a 
preferred embodiment of the present invention. As stated 
earlier, for example, 1 mirror of switching mirror array 72 
has 1(12)-21 (20) from all five input fiber ports 12-20 pro 
jected onto W1 mirror Surface via segmented prism beam 
steering element 68, and by tilting 1 mirror of Switching 
mirror array 72 of switch 10 or 11, switches one selected W1 
(12-20) from fiber input fiber ports 12-20 to fiber output port 
64 and drops the remaining unselected 1(s) from input fiber 
ports 12-20, and so forth for 2-wn. The five incident beams 
1 (12-20) are preferably shown in an overlapping manner. 
0221 Referring now to FIG. 10 there is a schematic illus 

tration of a six input port by one output fiber port wavelength 
selective Switch depicting an alternative prior art apparatus 
for accomplishing an Nx 1 wavelength selective switch. The 
wavelength selective switch of FIG. 10 does not include a 
beam steering element to focus the beams onto the MEMS 
mirror array. Rather, the wavelength selective switch of FIG. 
10 uses a simple lens (or lenses) in its back end optics. Such 
an embodiment limits the wavelength selective switch of FIG. 
10 to a single Nx1 or 1xN architecture, and precludes use of 
multiple NX1 or 1xN Switches in a single package, as shown 
in the other figures. Additionally, wavelength selective switch 
of FIG.10 employs a fiber collimating lens array (FCLA) 502 
in place of an FCA and FE optics. The FCLA 502 places a 
small collimating lens 504 at the output of each fiber. This 
combination of FCLA502 and collimating lens 504 generally 
increases the cost and complexity of the system, especially as 
more fibers are added, since each fiber requires a dedicated 
collimating lens 504 with varying demanding alignment 
specifications. 
0222 Referring now to FIG. 11 there is an illustration of a 
typical single-row MEMS mirror array 1-un, showing pri 
mary axis 506 and optional secondary axis 508 of rotation. 
Each 1xN or Nx1 switch in the preferred embodiment uses 
one such row. A single MEMS chip may have several such 
OWS. 
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0223 Referring now to FIG. 12 there is a three-dimen 
Sional Schematic of a MEMS mirror of FIGS. 9A and 9C. As 
illustrated in FIG. 12 light beams from/to the input/output 
fibers 1-7 preferably are all steered onto the switching mirror 
array 72 by the BSE 68 (as shown in FIGS. 1, 2, and 9C) in an 
overlapping manner. The seven incident beams to or from the 
seven input fiber ports are preferably shown in an overlapping 
manner. It should be recognized that rotation of Win mirror 
about its primary axis 506 couples a selected un by reflecting 
such selected unto the output fiber 64 (shown in FIGS. 1 and 
2), and thus such rotation determines whichun is selected for 
monitoring or Switching. Further, overlapping spots 320 
allow more of switching mirror array 72 surface area to be 
used, allowing for greater tolerance of reflective Surface 
defects of switching mirror array 72. 
0224 Referring now to FIG. 13 is a schematic illustration 
of a six input port by one output fiber port wavelength selec 
tive Switch representing an NX1 Switch and is an alternative 
depiction of the preferred embodiment of the present inven 
tion shown in FIG.1. This depiction emphasizes the present 
invention’s ability to share all free space optics (FSO) 74. 
including front end optics (FE) 56, dispersive element 62, 
back end optics (BE) 66, beam steering element (BSE) 68, 
and the elimination of collimating lenses 504 of FIG. 10. 
0225 Referring now to FIG. 14 there is a three-dimen 
sional Schematic of a wavelength selective Switch according 
to an embodiment of the present invention. The wavelength 
selective switch of FIG. 14 may represent an NX1 or 1xN 
embodiment of the present invention with element numbering 
as set forth in FIGS. 1 and 2. 

0226 Referring now to FIG. 15 there is a schematic illus 
tration of a dual wavelength selective switch 12 with BSE 
based architecture for creating manifold or multi-packaged 
Switches within the same package. Terminology of manifold, 
co-packaged, and multi-packaged is used inter changeably 
hereinas one or more optical Switches packaged together and 
comprising an optical system. FIG. 15 uses the same cut 
away view as FIGS. 1 and 13 (1xN switch 10) to illustrate an 
advantage of the present invention's BSE-based architecture 
for creating manifold or multi-packaged Switches within the 
same package, while reaping the benefits of re-use and shar 
ing of free space optics (FSO) 74 (including front end optics 
(FE) 56, dispersive element 62, back end optics (BE) 66, 
beam steering element (BSE) 68), baseplate, housing, FCA 
52, MEMS control circuitry 78, common MEMS array 
although each mirror is dedicated to one manifold or multi 
packaged Switch, and input/output fibers (fiber management 
fixture) although each fiber is dedicated to one manifold or 
multi-packaged Switch. By adding an additional row of mir 
rors 72.1 to the existing switching mirror array 72, adding 
additional waveguides to FCA52, and adding additional fac 
ets to BSE 68, a dual or second Nx1 switch 10.3 is defined and 
is shown in the lower-left and upper-right parts of FIG. 15. 
The wavelength selective switches 10 and 10.3 of FIG. 15 
operate independently of one another (that is, their light paths 
do not interact and Such Switches are capable of independent 
Switching), while sharing the same housing and common 
components. It should be recognized that BSE 68 is capable 
of refracting light beams at arbitrary angles; thus, allowing 
multiple steering points for win, on multiple mirror rows, to 
exist. FIG. 15 illustrates a cutaway view of one wavelength 
wn, and that each MEMS mirror shown represents a row of 
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mirrors coming out of the page, each mirror corresponding to 
a different wavelength in separated out by dispersive element 
62 and positioned by BSE 68. 
0227. Although this figure depicts two independent 
switches 10 and 10.3, the concept can easily be extended to 
three, four, oran arbitrary number of switches by adding more 
rows of MEMS mirrors 72, more FCA 52 waveguides, and 
more BSE 68 facets. If desired, each Nx1 or 1xN switchin the 
package can have a different value of N, down to N=1. Also, 
any arbitrary combination of NX1 or 1xN configured switches 
can be used by altering the external fibering. All of this is 
possible because of the BSE 68's ability to refract an arbitrary 
number of rays at arbitrary angles, although at Some point of 
increasing the number of switches BSE 68 may become 
impractically complex. 
0228. Use of common components by multiple internal 
Nx1 or 1xN switches enables advantages in physical size, 
thermal output, electrical power consumption, ease of manu 
facture, and materials and labor costs, when compared to a 
Solution involving multiple Switches built and packaged inde 
pendently. 
0229 FIG. 16 illustrates a variation of the BSE-based 
architecture of the switch in FIG. 15, in combination with 
FCLA-based optics with lenslets 504 of FIG. 10. The BSE 
architecture can be used with this type of optical input, as well 
as the FCA 52 and FE 56 shown in FIGS. 1, 2, and 15. An 
advantage of this approach is that the complexity of BSE 68 
is significantly reduced. 
0230 Referring now to FIGS. 17A and 17B there is a 
schematic illustration of an advantage of the present inven 
tion. FIG. 17A is prior art that illustrates schematically a 
4-input-fiber by 4-output-fiber optical switch, made up of 
four 1xN and four Nx1 wavelength selectable switches. This 
is a common Switch architecture used in telecom industry. In 
FIG. 17B, is a schematic illustration of the same 4x4 Switch 
12, but utilizing an embodiment of the present invention of 
FIG. 15, wherein two switches are co-packaged in the same 
device. It should be recognized that the switch shown in FIG. 
17B utilizes the advantages listed above in the description of 
FIG. 15, compared to the “one-switch-per-device' architec 
ture of FIG. 17A. Although both figures show a 4x4 switch, 
the concept can easily be extended to any value of MxN. 
Likewise, although FIG. 17B illustrates two switches in each 
device, any number of Switches can be combined using the 
concept of the present invention. Other telecom architectures 
that employ multiple optical switches, such as East-West dual 
rings, can also benefit from the embodiments of this inven 
tion. 

0231 FIG. 18A is a schematic illustration of additional 
aspects and advantages of the present invention. In this 
embodiment, BSE 68 is constructed with prisms that direct 
beams to two rows of mirrors. The lower row switching 
mirror array 72 is used to switch 5x1 signals as shown in FIG. 
15. The upper row monitoring mirror array 73 is used to 
Switch 2x1 monitoring beams as a separate Switch. The out 
put of the 2x1 monitoring Switch is directed to a photodetec 
tor 79 serving as an integrated optical power monitor (OPM). 
By sequentially switching each mirror 73 in the array to send 
selected beam to photodetector 79, while dropping all other 
wavelengths, such Switch obtains, in a short period of time, 
the optical power of all wavelengths of monitoring fiber port 
21. It is contemplated that optical Switching and monitoring 
system is capable of monitoring two fiber ports 21 and 23 
sequentially, and this concept is expandable to an arbitrary 
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number of monitoring ports and/or wavelengths. Each wave 
length of monitoring fiber port 21 is monitored one at a time, 
by tilting monitoring mirror array 73 to the correct angle to 
couple its light into output monitoring fiber port 25 from tap 
81, wherein the tapped signal from output fiber port 64 is 
coupled to monitoring fiber port 21. It should be recognized 
that a key advantage of using one WSS as a fiber switch, and 
the other as a channel selector for an OPM, is that the sensor 
and actuator of the optical power feedback loop are both 
contained in the same module, and benefit from re-use of 
internal components as described above. 
0232 Referring now to FIG. 18B there is a physical illus 
tration of a preferred embodiment of FIG. 3A, illustrating the 
design flexibility afforded by BSE 68, wherein such BSE 68 
is fabricated to have varying refraction angles (facet angles). 
Facetangles of deflection for the five input fiber wavelengths, 
two input monitor fiber wavelengths, one output monitoring 
fiber wavelength, and one output fiber wavelength model 
preferably are 16.1, 13.3, 6.1.2.8, 0.00, -2.8, -5.7, -6.5, -7.9 
degrees. The angles shown in this example correspond to the 
5x1 plus 2x1 embodiment shown in FIG. 18A. Beam steering 
element 68 preferably refracts wavelength-separated beams 
from back end optics 66 and steers such beams onto Switching 
mirror array 72 and monitoring mirror array 73 based on the 
refractive indices of each segment 68.1-68.9, whether focus 
ing all win beams on a win mirror of Switching mirror array 72, 
monitoring mirror array 73, or focusing some unbeams onto 
one mirror and other win beams on another mirror or a mirror 
in a different row. Beam steering element 68 preferably 
refracts win from each input port 12, 14, 16, 18, 20, 22 onto an 
mirror of switching mirror array 72 (as shown in FIG. 9C) of 
Switching mirror array 72 assigned to win and each win from 
each input port 21, and 23 onto win mirror of monitoring 
mirror array 73. For example, preferably 1 mirror of switch 
ing mirror array 72 has 1(12)- 1(22) from all input fiber 
ports 12-22 projected onto 1 mirror surface via beam steer 
ing element 68, and by tilting 1 mirror of MEMS switching 
mirror array 72, wavelength selective switch 10 preferably 
switches one selected 1 (12-22) from input fiber ports 12-22 
to output fiber port 64 and blocks the remaining unselected 
1(s) from input fiber ports 12-22, and so forth for 2-wn. 

Eachun mirror of switching mirror array 72, in this example, 
preferably has five input beams projected simultaneously 
onto the Surface of such mirror, all at wavelength win, wherein 
those five beams are preferably demultiplexed and focused by 
free space optics 74 from input fiber ports 12, 14, 16, 18, 20 
respectively. In addition, preferably 1 mirror of monitoring 
mirror array 73 has 1(21) and 1(23) from input monitoring 
fiber ports 21 and 23 projected onto 1 mirror surface via 
beam steering element 68, and by tilting 1 mirror of MEMS 
monitoring mirror array 73, wavelength selective switch 10 
preferably switches one selected 1 (21-23) from input moni 
toring fiber ports 21 and 23 to output monitoring fiber port 25 
and blocks the remaining unselected W1(s) from input moni 
toring fiber ports 21 and 23, and so forth for 2-wn. 
0233 Referring now to FIG. 19A, which illustrates the 
combination switch plus OPM of FIG. 18A, this time with the 
FCLA 502 and lenslet 504 as illustrated in FIG. 10. 

0234 Referring now to FIG. 19B there is illustrated a 
variation of FIGS. 3A and 18B, illustrating the design flex 
ibility afforded by BSE 68, by fabricating the BSE with 
arbitrary refraction angles. The angles shown in this example 
correspond to the 5x1 plus 2x1 embodiment shown in FIG. 
19A. It should be recognized from FIGS. 3A, 18B, and 19B 
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that BSE 68 is a versatile element that can be designed with an 
arbitrary set of prisms to accomplish refraction for a variety of 
embodiments and variations of the present invention. Both 
“FCA” plus “FE type optical architectures can also be 
accommodated; and arbitrary combinations of Nx1 or 1xN 
Switches can also be accommodated by changing the number 
of facets and/or their refraction angles of BSE 68. 
0235 Referring now to FIG. 20 there is an illustration of a 
variation of the switch in FIG. 16, in which switching mirror 
array 72 operates a 1-input and 6-output optical Switch having 
taps 81 for each of the six output fiber ports of the top switch. 
In order to monitor power on all output fibers for control loop 
purposes, each output fiber port is tapped using taps 81 and 
fed to a 6-in and 1-out bottom Switch co-packaged with the 
first top switch. The 6-in and 1-out switch selects and sends its 
output to photodetector 79 for monitoring. Although it is not 
shown, the same concept could be applied to a WSS using 
“FCA” plus “FE type optical architecture, and to arbitrary 
numbers of fibers. 

0236 Referring now to FIG. 21 there is a variation of the 
switch in FIG. 19A, in which power combiner 508 is used to 
combine all wavelengths from the six output fiber ports, 
which are each tapped using taps 81, fed to power combiner 
508 and selectively coupled, using power combiner 508, to 
monitoring fiber port 21. In this embodiment, the optical 
Switching and monitoring system has fewer ports than in the 
example of FIG. 20, possibly reducing the number of com 
ponents simplifying the design. Although it is not shown, the 
same concept could be applied to a WSS using “FCA” plus 
“FE type optical architecture, and to arbitrary numbers of 
fibers. 

0237 Referring now to FIG. 22A there is illustrated an 
alternative embodiment of the present invention. In FIG.22A, 
one of the independent Switches is configured to accept M 
inputs and focus them onto one row of a first Switching mirror 
array 72. Each mirror in switching mirror array 72 (one mirror 
per wavelength) tilts to select one of the inputs for reflection 
onto a fixed (stationary) mirror 510, which can be patterned 
directly onto BSE 68 or placed elsewhere in the system. Fixed 
mirror 510 reflects the beam onto one row of a second switch 
ing mirror array 72.1. Each mirror in second Switching mirror 
array 72.1 tilts to the angle necessary to project its beam to the 
selected one of N outputs. The system thus operates as an 
M-input by N-output Switch, since any input can be coupled 
to any output. Although it is not shown, the same concept 
could be applied to a WSS using “FCA” plus “FE” type 
optical architecture, and to arbitrary numbers of fibers. This 
alternative embodiment of the present invention is different 
from the MxN optical switches described in U.S. Pat. No. 
6,097.859 (Solgaard et al) because each wavelength in the 
present invention can only exit the unit on one output fiberat 
a time. In the referenced Solgaard patent, the MxN estab 
lishes multiple in-to-out paths on the same wavelength; how 
ever, the present invention teaches a simpler design, using 
fewer mirror rows, for example. 
0238 Also, in this and other inventions which incorporate 
two mirrors in the light path, an additional advantage can be 
gained when using Pulse Width Modulated (PWM) signals to 
drive the mirrors, as described in U.S. Pat. Nos. 6,543.286 
(Garverick, etal), 6,705,165 (Garverick, etal), and 6,961.257 
(Garverick, et al). By operating each of the two mirrors in the 
path with complementary pulse trains, any insertion loss (IL) 
ripple caused by mechanical vibration of the mirrors can be 
reduced by operating each mirror with a complementary 
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pulse train. This causes any mechanical vibration in one mir 
ror to occur 180 degrees out of phase with the other mirror, 
thus canceling IL ripple in the optical signal. 
0239 Referring now to FIG. 22B there is illustrated an 
alternative embodiment of the present invention which 
accomplishes the same MxN switching functionality of FIG. 
22A. In this embodiment, there is no stationary mirror. 
Instead the input-side Switch is configured as an NX1, and the 
outputside as a 1xN. The output of the first switch is coupled 
to the input of the second, either by fiber splicing,jumpering 
via fiber connectors 83, on-chip patterning of waveguides, or 
the like. Although it is not shown, the same concept could be 
applied to a WSS using “FCA” plus “FE' type optical archi 
tecture, and to arbitrary numbers of fibers. This alternative 
embodiment of the present invention is different from the 
MxN optical switches described in U.S. Pat. No. 6,097.859 
(Solgaardetal) because each wavelength in the present inven 
tion can only exit the unit on one output fiberata time. In the 
referenced Solgaard patent, the MXN establishes multiple 
in-to-out paths on the same wavelength; however, the present 
invention teaches a simpler design, using fewer mirror rows, 
for example. 
0240 Referring now to FIG. 23 there is illustrated an 
alternative embodiment of the present invention. In FIG. 23 
the Switch is configured as two identical, independent 
Switches. In this embodiment first and second Switching mir 
ror arrays 72 and 72.1 are operated such that they move 
synchronously. Although it is not shown, the same concept 
could be applied to a WSS using “FCA” plus “FE” type 
optical architecture, and to arbitrary numbers of fibers, num 
bers of co-packaged Switches, and arbitrary port designations 
(input versus output) 
0241. With respect to the above description then, it is to be 
realized that the optimum dimensional relationships for the 
parts of the invention, to include variations in size, materials, 
shape, form, position, function and manner of operation, 
assembly and use, are intended to be encompassed by the 
present invention. Moreover, where the references are made 
to a 1x5 or 5x1 optical wavelength selective switch, the 
concepts are also applicable to other fiber counts such as 1xN, 
NX1 or NXN. 

0242. The invention disclosed and claimed relates to the 
various modifications of assemblies herein disclosed and 
their reasonable equivalents and not to any particular fiber 
count or wavelength count wavelength selective optical 
switch. Although the invention has been described with 
respect to a wavelength selective Switch, many of the inven 
tive optics can be applied to white-light optical Switches that 
do not include wavelength dispersive elements. Although 
moveable micromirrors are particularly advantageous for the 
invention, there are other types of MEMS mirrors than can be 
actuated to different positions and/or orientations to affect the 
beam Switching of the invention. 
0243 The foregoing description and drawings comprise 
illustrative embodiments of the present invention. Having 
thus described exemplary embodiments of the present inven 
tion, it should be noted by those skilled in the art that the 
within disclosures are exemplary only, and that various other 
alternatives, adaptations, and modifications may be made 
within the scope of the present invention. Many modifications 
and other embodiments of the invention will come to mind to 
one skilled in the art to which this invention pertains having 
the benefit of the teachings presented in the foregoing 
descriptions and the associated drawings. Although specific 
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terms may be employed herein, they are used in a generic and 
descriptive sense only and not for purposes of limitation. 
Accordingly, the present invention is not limited to the spe 
cific embodiments illustrated herein, but is limited only by the 
following claims. 

We claim at least: 
1. A co-packaged optical Switch and optical spectrometer 

for Switching and monitoring one or more optical signals, the 
signals comprising one or more optical wavelengths, each 
optical wavelength constituting a work piece, said optical 
Switch and optical spectrometer further comprising: 

one or more input fiber ports, each said input fiber port 
serving as an external interface for introducing one or 
more input optical signals into said optical Switch; 

one output fiber port, said output fiber port serving as an 
external interface for extracting the output optical signal 
from said optical Switch; 

one or more shared optical elements, wherein each said 
optical element focuses the one or more optical signals 
of said one or more input fiber ports and the optical 
signal of said one output fiber port; 

at least one shared wavelength dispersive element for spa 
tially separating at least one first wavelength of one of 
the one or more input optical signals from at least one 
other wavelength of the input optical signal and for 
recombining at least one first wavelength of a selected 
input optical signal of the one or more input optical 
signals with at least one other wavelength of the one or 
more input optical signals to form the output optical 
signal; 

an array of Switching elements, at least one Switching 
element for receiving one wavelength from each of said 
one or more input fiber ports and for Switching one 
Selected wavelength from one of said one or more input 
fiber ports to said one output fiber port according to a 
position of said at least one Switching element; 

a tap for coupling a portion of said one output fiber port 
optical signal to at least one input monitoring port; 

at least one moveable reflective element for translating 
laterally across a selected band of the optical spectrum 
of said portion of said one output fiberport optical signal 
as projected by said wavelength dispersive element, and 
for reflecting a narrow band of said selected band of the 
optical spectrum to an output monitoring fiber port 
according to a position of said moveable reflective ele 
ment; 

at least one beam steering element configured to position 
each wavelength from each of said one or more input 
fiber ports onto a designated Switching element of said 
array of Switching elements, to position at least one 
Selected wavelength from said Switching element to said 
output fiber port, and to position the optical spectrum of 
said portion of said one output fiber port optical signal 
projected by said wavelength dispersive element onto 
said at least one moveable reflective element; and, 

an optical measurement device for receiving said narrow 
band of said selected band of the optical spectrum from 
said output monitoring fiber port and for measuring an 
optical power of said narrow band of said selected band 
of the optical spectrum. 

2. The system of claim 1, further comprising a position 
sensing system for measuring a position of said moveable 
reflective element. 
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3. The system of claim 2, further comprising a controller 
for correlating the output of said optical measurement device 
with the corresponding output of said position sensing sys 
tem. 

4. The system of claim3, wherein said correlated outputs of 
said optical measurement device and said corresponding out 
put of said position sensing means are stored in a memory. 

5. The system of claim3, wherein said correlated outputs of 
said optical measurement device and said corresponding out 
put of said position sensing system are used to display graphi 
cally the power levels of said selected band of the optical 
spectrum of said output fiber port optical signal. 

6. The system of claim3, wherein said correlated output of 
said optical measurement device and said corresponding out 
put of said position sensing system are used to determine 
optical parameters of said output fiber port optical signal. 

7. The system of claim 6, wherein said optical parameters 
of said fiber port optical signal are selected from a group 
consisting of optical power per wavelength channel, channel 
center wavelength, channel passband, channel passband 
ripple, channel passband shape, channel crosstalk, and signal 
to noise ratio, and combinations thereof. 

8. The system of claim 1, wherein said at least one move 
able reflective element is configured for varied speed and 
direction. 

9. The system of claim 1, wherein said moveable reflective 
element further comprises an electrostatically actuated micro 
slider. 

10. The system of claim 1, wherein said moveable reflec 
tive element further comprises a rotating cylinder, a slit and a 
precision stepper motor. 

11. The system of claim 1, wherein said moveable reflec 
tive element is configured to move to an arbitrary location by 
a controller and to be held at said arbitrary location. 

12. The system of claim 1, wherein said optical measure 
ment device is configured to measure spectral regions 
between wavelengths. 

13. The system of claim 1, wherein said optical measure 
ment device is configured as an optical spectrum analyzer. 

14. The system of claim 9, wherein said electrostatically 
actuated micro slider comprises a slider element configured 
to slide along a Substrate, the sliding implemented with a 
plurality of electrodes. 

15. The system of claim 9, wherein said electrostatically 
actuated micro slider further comprises a strip for reflecting 
said narrow band of said selected band of the optical spec 
trum. 

16. The system of claim 10, wherein said rotating cylinder 
further comprises a spiral reflector positioned on said rotating 
cylinder and is viewable through said slit. 

17. The system of claim 14, wherein said precision stepper 
motor is configured to turn said rotating cylinder Such that a 
portion of said spiral reflector appears to move laterally 
across said slit. 

18. The system of claim 1, wherein the optical signal paths 
in said optical Switch are reversed Such that said optical 
Switch comprises one input fiber port and one or more output 
fiber ports. 

19. The system of claim 18, further comprising: 
at least one optical tap on at least one of said one or more 

output fiber ports for coupling a portion of said at least 
one of said one or more output fiber ports optical signal. 
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20. The system of claim 19, further comprising: 
an optical combiner for receiving one or more said portion 

of said at least one of said one or more output fiber ports 
optical signal and for combining said one or more said 
portion of said at least one of said one or more output 
fiber ports optical signal. 

21. The system of claim 20, wherein said optical combiner 
couples said one or more said portion of said at least one of 
said one or more output fiber ports optical signal into said 
input monitoring port for spectral measurement by said opti 
cal measurement device. 

22. A co-packaged optical Switch and optical spectrometer 
for Switching and monitoring one or more optical signals, the 
signals comprising one or more optical wavelengths, each 
optical wavelength constituting a work piece, said optical 
Switch and optical spectrometer further comprising: 

one input fiber port, said input fiber port serving as an 
external interface for introducing the input optical signal 
into said optical Switch; 

one or more output fiber ports, each said output fiber port 
serving as an external interface for extracting one or 
more output optical signals from said optical Switch; 

one or more shared optical elements, wherein each said 
optical element focuses the optical signal of said one 
input fiber port and the one or more optical signals of 
said one or more output fiber ports; 

at least one shared wavelength dispersive element for spa 
tially separating at least one first wavelength of the input 
optical signal from at least one other wavelength of the 
input optical signal and for recombining at least one first 
wavelength of the output optical signal with at least one 
other wavelength of the output optical signal; 

an array of Switching elements, at least one Switching 
element for receiving at least one wavelength from said 
one input fiber port and Switching at least one wave 
length of said one input fiber port to one of said one or 
more output fiber ports according to a state of said at 
least one shared arrayed Switching element; 

at least one tap on at least one of said one or more output 
fiber ports for coupling a portion of said at least one of 
said one or more output fiber ports optical signal; 

an optical combiner for receiving one or more said portion 
of said at least one of said one or more output fiber ports 
optical signal and for combining said one or more said 
portion of said at least one of said one or more output 
fiber ports optical signal, wherein said optical combiner 
couples said one or more said portion of said at least one 
of said one or more output fiber ports optical signal into 
an input monitoring port; 

at least one moveable reflective element for translating 
laterally across a selected band of the optical spectrum 
of said one or more said portion of said at least one of 
said one or more output fiber ports optical signal as 
projected by said wavelength dispersive element, and for 
reflecting a narrow band of said selected band of the 
optical spectrum to an output monitoring fiber port 
according to a position of said moveable reflective ele 
ment; 

at least one shared arrayed steering element for steering the 
at least one wavelength from said one input fiber port 
onto said at least one Switching element, and for steering 
the at least one wavelength from said at least one Switch 
ing element to any of said one or more output fiber ports 
and to position the optical spectrum of said one or more 
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said portion of said at least one of said one or more 
output fiber ports optical signal projected by said wave 
length dispersive element onto said at least one move 
able reflective element; and 

an optical measurement device for receiving said one or 
more said portion of said at least one of said one or more 
output fiber ports optical signal and for measuring an 
optical power of said narrow band of said selected band 
of the optical spectrum. 

23. A device in a co-packaged optical Switch and optical 
spectrometer, the device configured to reflect a selected por 
tion of a wavelength spectrum of an optical signal, the device 
comprising: 

a moveable element for receiving the wavelength spectrum 
and for reflecting a selected portion of the wavelength 
spectrum according to a position of said moveable ele 
ment, said moveable element comprising a reflective 
area positioned on said moveable element for perform 
ing the reflecting; and 

one or more shared optical elements, wherein each said 
optical element focuses, disperses, multiplexes, steers, 
or otherwise conditions the wavelength spectrum. 

24. The device of claim 23, wherein said reflective area 
comprises a reflective gold strip affixed to said moveable 
element. 

25. The device of claim 23, wherein said moveable element 
is moveably connected to a Substrate. 

26. The device of claim 25, wherein said moveable element 
comprises a slider element moved by a plurality of electrodes. 

27. The device of claim 26, wherein said plurality of elec 
trodes comprises at least one of a slider electrode, a drive 
electrode, and a sense electrode. 

28. The device of claim 23, wherein said moveable element 
is configured to move to an arbitrary location by a controller 
and to be held at the arbitrary location. 

29. The device of claim 23, further comprising an optical 
measurement device configured to measure optical power. 

30. The device of claim 23, further comprising a position 
sensing system for measuring the position of said moveable 
element. 

31. The device of claim 23, further comprising a controller 
for correlating the output of said optical measurement device 
with the corresponding output of said position sensing sys 
tem. 

32. The device of claim 31, wherein said correlated output 
of said optical measurement device and said corresponding 
output of said position sensing system are stored in a memory. 

33. The device of claim 31, wherein said correlated outputs 
of said optical measurement device and said corresponding 
output of said position sensing system are used to display 
graphically the power levels of the wavelength spectrum of 
the optical signal. 

34. The device of claim 31, wherein said correlated outputs 
of said optical measurement device and said corresponding 
output of said position sensing system are used to determine 
optical parameters of a portion of the wavelength spectrum of 
the optical signal. 

35. The device of claim34, wherein said optical parameters 
of said portion of the wavelength spectrum of the optical 
signal are selected from a group consisting of optical power 
per wavelength channel, channel center wavelength, channel 
passband, channel passband ripple, channel crosstalk, and 
channel signal to noise ratio, and combinations thereof. 
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36. The device of claim 23, wherein said moveable element 
is configured for varied speed and direction. 

37. The device of claim 23, wherein said optical measure 
ment device is configured to measure spectral regions 
between wavelengths. 

38. The device of claim 23, wherein said moveable element 
comprises a patterned cylinder rotated by a stepper motor. 

39. The device of claim38, wherein said moveable element 
is positioned proximate to a blocker element comprising a slit 
through which said moveable element is configured to reflect 
the selected portion of the wavelength spectrum. 

40. A method of measuring a selected portion of a wave 
length spectrum comprising: 

focusing the wavelength spectrum utilizing one or more 
shared optical elements; 

Switching the wavelength spectrum from at least one input 
fiber port to at least one output fiber port; 

receiving a selected portion of the wavelength spectrum; 
and 

positioning a moveable reflective element to reflect a 
selected band of said selected portion of the wavelength 
spectrum back through said shared optical elements to 
an optical power measurement device. 
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41. The method of claim 40, further comprising laterally 
translating said moveable reflective element across said 
selected portion of the wavelength spectrum to obtain power 
Versus wavelength data, wherein said data are selected from 
the group consisting of optical power per wavelength chan 
nel, channel center wavelength, channel passband, channel 
passband ripple, channel crosstalk, and channel signal to 
noise ratio, and combinations thereof. 

42. The method of claim 40, further comprising measuring 
spectral regions between wavelength channels in the wave 
length spectrum. 

43. The method of claim 40, further comprising moving 
said moveable reflective element to an arbitrary location by a 
controller and holding it at the arbitrary location. 

44. The method of claim 40, wherein said moveable reflec 
tive element is a slider element that is moved along a Sub 
strate, the moving implemented with a plurality of electrodes. 

45. The method of claim 40, wherein said moveable reflec 
tive element is a rotating spiral reflector which is positioned 
on a patterned cylinder and is viewable through a slit. 

c c c c c 


